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Abstract
Carbon steels and low-alloy steels are often used in various stages of the
refining process in petrochemical industries and power plants where they are
susceptible to graphitization after prolonged exposure at temperatures of 800°F
(427°C) or above. Graphitization is a result of solid-state phase transformation of
metastable iron carbide to form iron and graphite structure. The formation of
graphite results in the loss of tensile strength, ductility, and creep strength,
which may result in untimely catastrophic failure of the component. The current
study focused on developing a further understanding of graphitization on exservice welded carbon steel components, which were removed from service after
17 years at 800°F (427°C). The materials received were examined using
metallography, hardness, creep-testing, bend tests, Gleeble thermal simulation,
Cryo-cracking, and heat-treatment for further fundamental studies of
graphitization. In the materials examined, graphitization was primarily
observed in a narrow band just outside of the visible HAZ which corresponds to
a weld thermal cycle just below the lower-critical transformation temperature
(Ac1 ) . A hypothesis to support for the increased amount of graphitization
observed in the base metal just outside of the HAZ was proposed. The materials
examined also exhibited increased amount of graphitization with the increase of
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aluminum content. A hypothesis to support this increase in graphitization with
aluminum content based on thermodynamic principles was also proposed in this
study. Creep studies using accelerated stress and temperature conditions were
performed to evaluate the remaining service life of the graphitized components.
An accelerated heat-treatment studies were performed to obtain the timetemperature behavior of graphite nucleation and growth. A potential in situ
inspections studies using both non-destructive (ultrasonic inspection) and
destructive methods (core extraction) were studied. In situ studies showed
possible viable approach towards the inspection of graphitized carbon steel
components for run, repair or replace decisions. Repair welding performed on
core extraction sites using friction hydro tapered pillar processing (FTHPP),
showed viable approach.
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Executive Summary
Carbon steels and low-alloy steels are often used in various stages of the
refining process in petrochemical industries and power plants due to the balance
of strength and economy. The carbon and low-alloy steel components are
susceptible to graphitization after prolonged exposure at temperatures of 800°F
(427°C) or above. Graphitization occurs when cementite from steel transforms to
form iron and graphite, to acquire thermodynamically equilibrium state. The
formation of graphite results in the loss of tensile strength, ductility, and creep
strength, which may result in untimely catastrophic failure of the component.
This study focused on developing a further understanding of graphitization
morphology to obtain further fundamental understanding with regards to
graphitization. Several service-exposed welded carbon steel components, which
were removed after 17 years of service at steam temperature of 800°F (427°C),
were a subject of this study. This program was undertaken to assist power
plants and industry partners who has welded carbon steel components operating
in graphitization susceptible temperatures and are concerned about the
remaining life and continued serviceability of their components at these
temperatures. Thus, an effort to assist industry with remaining life assessment
and possible in situ examination was carried out for fitness-for-service evaluation
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to assist in making run, repair and retire decisions. The presence, extent and
morphological features of graphitization was studied using metallographic
examination and cryo-cracking. Quantitative metallography using both ASTM
E562 manual point count method and automated image analysis technique was
used for volume fraction quantification.
In the materials examined, graphitization was primarily observed in a
narrow band just outside of the optically visible heat-affected zone (HAZ)
corresponding to weld thermal cycles with peak temperatures just below the
lower critical transformation temperature (Ac1 ) during welding. A hypothesis to
support the increased amount of graphitization in the base metal just outside of
the optically visible HAZ is proposed in this investigation. Random/isolated
graphite nodules were observed in the base metal remote from the heat-affected
zone (HAZ). The maximum extent of graphitization was only about 1-2 volume
percent in the most graphitized region (in a thru-wall quantification). With
regards to graphitization, there is a historical significance that if steels are deoxidized with aluminum/silicon they tend to graphitize quickly. The material
studied in this investigation exhibited positive correlation with regards to
aluminum content, i.e. tendency to graphitize increased with an increase of
aluminum content. A hypothesis to support the influence of aluminum on
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carbide stability and carbon solubility to result in an increase amount of
graphitization was proposed in this investigation.
Creep studies using accelerated stress (4.4 ksi-10 ksi) and temperature
(850-950°F) conditions were performed to evaluate remaining service life of
graphitized components. Graphitized cross-welded creep specimens were tested
up to an equivalent time of 100 years at a typical operating temperatures of 800°F
(427°C). No noticeable change in creep performance was observed at 1-2 volume
% of graphitization damage. Steady-state creep rates for various
temperature/stress combinations was obtained for graphitized components. An
accelerated heat-treatment studies were also performed to obtain timetemperature behavior on nucleation and growth of graphite nodules. A potential
in situ examination using core sample (~8 mm diameter, ¾ of the component
wall) extraction was performed to evaluate the presence and extent of graphite
nodules. The metallurgical examination was performed on extracted cores,
which represented the overall metallurgical characteristics of the entire throughwall sample. The core extraction sites were repair welded using friction tapered
hydro pillar processing (FTHPP). The repair-welds were also examined to
understand the service performance at elevated temperatures using
metallography (microstructural examination), hardness (mechanical properties),
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creep-testing (remaining service-performance), and heat-treatment studies
(susceptibility for re-graphitization). The friction-weld heat-affected zone (HAZ)
showed formation of complex eutectic micro constituents, consisting of
Ledeburite and proeutectoid cementite in accordance to constitutional liquation.
Formation of these complex microconstituents was a result of carbon diffusion
from pre-existing graphite, which appeared as “carbon-dusting”
microstructurally upon cooling. Nucleation of “new” graphite nodules (1-2 µm)
was observed in these “dusted” regions of friction weld HAZ during after
creep-testing and heat-treatment studies at temperature >900°F. However, creep
performance or bend ductility was not influenced by the presence of these
complex microconstituents or nucleation of “new” nodules in the HAZ.
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Chapter 1 - Introduction
Carbon and low-alloys steel components are used in various stages of
petroleum refineries, petrochemical industries, and steam power plants which
are operating in a temperature range of 600°F-1100°F (316°C-593°C). Carbon and
low-alloy steels are susceptible to graphitization, which is a transformation of
metastable iron carbide (Fe3 C) to graphite (C) when exposed to the temperatures
of 800°F-1100°F (427°C-593°C) 1 as shown by Equation 1 below.

Fe3 C = 3Fe + C (graphite)

Equation 1

A typical microstructure of a carbon steel, consists of ferrite (white) and
pearlite (dark) constituents, as shown in Figure 1 at 100X and 500X. The
formation of graphite results in loss of tensile strength, ductility, creep rupture
properties, and the reduces the overall structural integrity of the component
which may eventually lead to untimely catastrophic failures. Graphitization
occurs in two morphologies in steels: 1) isolated/random, and 2) planar/chain.
Examples of each of these morpologies of graphitization morphologies in carbon
steel are shown in Figure 2.
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Figure 1. Optical micrographs showing a typical
microstructure in carbon steels (with no
graphitization), white = ferrite, dark = pearlite, (Top)
100X, (Bottom) 500X, 2% Nital etch.
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Figure 2. Optical micrographs showing examples of
graphitization A) random/isolated graphitization, B)
planar/chain graphitization in carbon steel (100X
magnification), 2% Nital etch.
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An isolated/random form of graphitization is not considered to be significant to
the structural integrity of the component, however, graphitization when forms in
planar/chain morphology have a considerable effect on the load bearing
capability of the component. This form of graphitization tends to increases the
potential for brittle fracture and also lowers the creep strength to result in
catastrophic failures 2, 3. Figure 3 shows an example of a rupture in a
longitudinally seam welded boiler tube, resulting from chain-type graphitization
along the heat-affected zone of a weld4, 5.

Figure 3. Rupture along the longitudinal seam weld as a result of chain
graphitization4, 5.
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Graphitization in carbon and low-alloy steels have been a long-standing
problem and a significant amount of research has been performed over last 60-70
years to obtain a fundamental understanding of graphitization in carbon steels.
The true kinetics of graphitization in steels is still not been clearly understood to
date, as graphitization depends on various metallurgical factors (such as:
chemical composition, prior thermal history, microstructure, welding, etc.) and
service-conditions (such as: time, temperature and stress). Graphitization has
resulted in periodic failures in power plants and refineries over last 60-70 years.
Graphitization was first observed in steels in a thermal cracking unit of a refinery
in 1935 during a routine inspection 6, but it only after the Springdale Power
Station rupture in 1943, graphitization sparked interest amongst various
researchers. The Springdale failure was observed in a C-1⁄2 Mo steel
circumferential weld after 5-1⁄2 years of service at 935°F (502°C)7. Fracture was
observed in the base metal region just outside of the heat-affected zone (HAZ) 7.
The Springdale failure instigated all the major power plants to evaluate their
components proactively for the presence of graphitization2, 7-18. Two other
failures due the graphitization were experienced at the Oak Ridge gaseous
diffusion plant in 1957 which was operating for more than 100,000 hours at 935°F
(502°C)19. These Oak Ridge failures were similar to the Springdale failure and
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were also weld related. Planar type of graphitization was observed in a narrow
band region just outside of the HAZ. The next reported graphitization related
failure occurred at Pennelec’s Williamsburg station in 1977, this incident resulted
in 6 casualties 20. The most recent failure related to graphitization in steel was
observed in 2011 (C-1⁄2 Mo steel) and 2015 (carbon steel)21, 22. These failures with
regards to graphitization has been recurring and has been a continued industry
concern for last 50-60 years. Thus, a careful consideration of all the important
metallurgical variables (microstructure, composition, welding thermal cycle,
prior thermal cycle, stress, etc.) is required for a complete understanding of
graphitization in carbon steels. Due to the potential for catastrophic failure, a
quantitative/qualitative understanding of graphitization in relation to
mechanical properties is required for remaining life estimation. This project was
initiated to assist the industry partner, who has miles of carbon steel components
operating in a graphitization susceptible temperature range and are concerned
about remaining life. Apart from assisting the industry partner with remaining
life assessment of the carbon steel components, fundamental understanding with
regards to the occurrence of graphitization was acquired in this study.
The primary objective of this study is to examine service-exposed
materials for the presence and the extent of graphitization to enhance earlier
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understanding on the occurrence of graphitization. An enhanced metallographic
examination using optical light microscopy (OLM) and scanning electron
microscopy (SEM) was performed to study the presence, extent and morphology
of graphitization. The understanding of the remaining life is important for the
continued operation of the graphitized carbon steel component, thus, an
accelerated creep testing was performed to obtain run, repair, and retire
decisions. In the past, the extent of graphitization has primarily been analyzed
on a purely qualitative basis 24, a quantitative metallurgical evaluation of the
volume fraction graphite was performed to relate the influence of graphite on
creep performance. An ultrasonic examination studies using state-of-the-art
focused phased array and phased array techniques was performed for evaluation
of in situ detection capabilities of graphitized components. Core extraction
technique to evaluate the efficacy of graphitized components for further in
service inspection was performed. The subsequent repair welding of the core
extraction sites using friction tapered hydro pillar processing (FTHPP) was
studied.
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Chapter 2 - Literature Review
2.1

Graphitization
Graphitization is a formation of graphite in iron-carbon alloys which

happens either during the solidification stage (liquid to solid) or during the
elevated temperature service when thermodynamically metastable Fe3C
transforms to form iron (Fe) and graphite (c) based on Equation 2.

Fe3 C = 3Fe + C (graphite)

Equation 2

2.2.1 Types of Graphitization
Graphitization is generally observed in two modes in iron-carbon alloys:
Primary graphitization and Secondary graphitization.
1. Primary Graphitization
Primary graphitization is a formation of graphite during solidification
from liquid to solid resulting in a stable iron-graphite structure. This form of
graphitization is observed in cast irons and based on the morphologies of the
graphite observed upon solidification, they are distinguished into various types.
Gray iron (flake graphite), ductile iron (spheroidal graphite), and compacted
graphite iron (compacted vermicular graphite) (grey or ductile iron) are
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examples of primary graphitization modes25. The current study only discuses
secondary graphitization.
2. Secondary Graphitization
Secondary graphitization is a result of solid-state phase transformation of
metastable iron-carbide (Fe3 C) to form stable iron graphite structure graphite
after prolonged exposure at elevated temperatures (>800°F/427°C). This project
is only deals with secondary graphitization in carbon steels and thus for
simplicity throughout this document will be referred only as graphitization.
Carbon steel components are typically used either in normalized or as-rolled
condition in power plants. The microstructure in normalized or as-rolled
condition typically consists of ferrite and pearlite (ferrite + cementite). Figure 1
shows an example of normalized carbon steel (ASTM A516-70) consisting of
ferrite and pearlite (ferrite + cementite) microstructure. When these steels are
exposed at elevated temperature for extended period of time, cementite (Fe3 C)
decomposes to form ferrite and graphite (c). The major driving force for
graphitization reaction (Fe3 C à 3Fe + C) is metastable nature of cementite to
acquire equilibrium state in the form of iron and graphite structure. Secondary
graphitization is distinguished in two forms based on their morphological
features: A) isolated/random and B) planar/chain.
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A. Isolated/Random Graphitization
Graphitization of this form is observed randomly, and are isolated from
other graphite nodules. Graphite when forms in an isolated and random manner
are considered not significant to the structural integrity of the component.
Figure 2A (100X) shows an example of the isolated/random type of
graphitization. This form of graphitization is generally observed in the base
metal remote from the weld deposit (away from HAZ).
B. Planar/Chain Graphitization
Graphite when segregates in cluster of nodules to form a continuous chain
is called planar/chain type graphitization. The continuous formation of graphite
results in a plane of weakness lowering yield and tensile strength of the material.
This form of graphitization generally has a significant effect on the load bearing
capability of a component and may result in catastrophic failures. Figure 2B
shows a micrograph of a typical example of planar/chain type graphitization.
Planar graphitization has been primarily associated with welds called weld HAZ
planar graphitization or “eye-brow graphitization”. This form of graphitization
is considered one of the most catastrophic and is discussed in further detail in
section 2.3.3.
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Although planar/chain type of graphitization has been more common to
the welds, there has been few instances when planar graphitization failures has
been observed solely in base metals4, 26, 27. This form of graphitization is termed
as non-weld related graphitization, and has been a common problem specially in
boiler and super heater tubes. Figure 4 shows an example of an in-service failure
of a super heater tube resulting from the base metal graphitization27. The
graphite nodules are oriented 45° degrees to the longitudinal axis of the tube.
This form of graphitization results by the formation of slip planes or a because of
localized strain due to plastic deformation or bending stresses in service26, 27.

2.2

Thermodynamic Considerations for Graphitization
The major driving force for graphitization reaction is the free energy (∆")

differential between metastable cementite and graphite. The metastability nature
of cementite has been thoroughly investigated by various researchers 28-31. The
standard free energy of formation ∆"° of cementite from iron and graphite was
determined by Chipman according to Equation 331, which is a function of
enthalpy (∆$°) and entropy (∆%°). Chipman showed that Fe3 C is
thermodynamically metastable compared to graphite at all temperatures.
∆"° = ∆$° + ∆%°

Equation 3

12

Figure 4. Graphitization related failure in a C-½ Mo super heater tube,
A) Fissure oriented at 45° on the inside diameter surface, and B)
Optical micrograph (29X) showing graphite nodule oriented at a
similar orientation to the fissure shown in A, Nital etch 27.
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Prior to discussing thermodynamics behind the driving force for
graphitization reaction, it is a must to discuss pearlite decomposition reaction.
Pearlite decomposition occurs by two known processes: graphitization or
spheroidization, specially at temperatures these steels are operating (800-1100°F)
in steam power plants. Spheroidization is a process in which lamellar pearlitic
structure decomposes to form spherical cementite particle to reduce interfacial
energy. The major driving force for spheroidization reaction is the large
interfacial area per unit volume in a lamellar pearlitic structure at ferrite
cementite interface. Figure 5 shows scanning electron microscopy (SEM)
micrographs depicting example of lamellar pearlitic structure in a carbon steel
before and after spheroidization reaction. Free energy at a ferrite-cementite
interface is a function of interfacial energy per unit area and inter-lamellar
spacing ()), as shown in Equation 4 32. The spheroidization reaction also results
in reduction of total free energy at the ferrite-cementite interface.

Equation 4
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Figure 5. SEM micrographs showing example of A) lamellar
pearlitic structure, and B) spherical cementite structure
after spheroidization heat-treatment.
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Graphitization is a solid-state phase transformation of metastable ironcarbide to form a stable iron graphite structure. Graphitization results in an
alignment of graphite nodules to form a plane of embrittled region and thus is a
more of a design concern than spheroidization. The formation of graphite results
in a loss of tensile strength, ductility, and creep properties, which eventually may
lead to premature failure of the component. The graphitization reaction is driven
by the metastability nature of cementite. Figure 6 shows the standard free
energy of formation of cementite (J/mole) as function of temperature. It shows
cementite is metastable at all temperatures31.
The free energy (G) of a system is given by enthalpy (H) and entropy (S),
as shown in Equation 5.

G = H - TS

Equation 5

If the thermal energy is provided to overcome the activation barrier,
cementite prefers to acquire the stable iron and graphite structure. This results in
graphitization. The driving force for the cementite decomposition to form
graphite is provided by free energy difference between cementite and graphite.
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Figure 6. Standard free energy of formation of cementite (Fe3 C) from iron
and graphite, 3Fe + C = Fe3 C 31.
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The graphitization reaction is favorable if the overall free energy change is
negative (see equations below).
+,- . → 3+, + .
∆"° = ∆$° + ∆%°

Figure 7 shows the free energy change during the cementite
decomposition reaction28, 30. The free energy differential during the cementite
decomposition reaction increases with temperature and acquires a local
minimum at temperature range from 800-1100°F. The components susceptible to
graphitization are operating in this temperature range. Figure 8 shows a timetemperature plot of the pearlite decomposition for spheroidization or
graphitization for carbon and low-alloy steels 25. Graphitization is generally
more prevalent at temperatures lower than 1050°F (566°C) and is most likely to
spherodize at higher temperatures (above 1050°F or 566°C). At intermediate
temperatures both spheroidization and graphitization occur simultaneously.
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Figure 7. Standard free energy change for cementite decomposition to
form iron (Fe) and graphite (C) 28, 30.
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Figure 8. Time-temperature plot for pearlite decomposition by mechanisms of
spheroidization and graphitization in carbon and low-alloy steels 25.
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2.3

Historical Overview - Graphitization

2.3.1 Early Research
Graphitization related failures in carbon and low-alloy steels have been a
long standing problem and a significant amount of research has been performed
over last 60-70 years to understand the kinetics of graphitization in steels. The
first evidence of graphitization dates to 1912 when Dr. A Sauveur observed
graphitization in carbon steel (0.9 wt. % C) during his heat treatment studies
(1238°F/670°C for 170 hours)33, 34. There were no other reported evidences of
graphitization until 1935 when Kinzel observed graphitization during a routine
examination of a carbon steel tube from petroleum cracking unit6. The carbon
steel component (0.15 wt. % C, 0.49 wt.% Mn, 0.02 wt. % Si, 0.023 wt. % S, 0.015
wt.% P) was operating at 1202°F (650°C) for 3 years. Figure 9 shows optical
micrographs reported by Sauveur (1912)33 and Kinzel (1935)6, 34. Micrographs
clearly show evidence of graphitization, with microstructures consisting of ferrite
(white) and graphite (black). Wells in 1938 reported evidence of graphitization
in high purity iron-carbon alloys during his investigation on the metastability
nature of cementite8.
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Figure 9. Graphitization in carbon steel during a 670°C for
170-hour heat-treatment in 191233 (Top) and
Graphitization observed during a routine
examination of a low-carbon steel tube from
petroleum cracking unit (1935) (Bottom)6.
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Graphitization was not given a greater attention and was only an
academic interest until 1943 Springdale Power Station failure. In 1943 Springdale
Power Station failure at West Penn Power Company sparked interest on
graphitization amongst various researchers. C-1⁄2 Mo welded pipe in the
Springdale Power plant was operating for 5-1⁄2 years of service at a temperature
935°F (502°C) and pressure of 1250 psi (8.82 MPa)7. A continuous plane of
graphite was observed in the base metal on the outer edge the heat-affected zone
(HAZ) in Springdale failure during metallurgical examination result7. The
failure was attributed to the poor steel making practice. After the Springdale
failure, every power plant in US was concerned about the serviceability of their
component which was operating in the similar temperature and stress range. In
August 1943, Edison Electric Institute and Power Generation Company initiated
a joint research program to further understand the fundamental causes of
graphitization. Over 40 companies assisted in this study by providing samples
for investigation of graphitization 2, 7-18. Six progress report were published by
Edison Electric Institute between 35-41 and the study concluded that the high
aluminum de-oxidation practice promoted in the occurrence of graphitization.
The carbon and carbon-moly steels which were made prior to 1939 were based
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on ASTM standards A158, A206, and A280 “Specification for Seamless Ferritic
Alloy Steel Pipe for High Temperature Application”. These standards required
de-oxidation with at least 750 ppm of aluminum (high aluminum grade) and 250
ppm of aluminum (low aluminum grade) in addition to silicon de-oxidation35. In
June 1944, ASTM in conjunction with ASME initiated another joint research
program to further investigate graphitization issues and the requirement of
de-oxidation practice. In 1952, ASTM withdrew all the standards A158, A206,
and A280 and were replaced by ASTM A335. The mandatory requirements for
de-oxidation practice was removed in ASTM A335 and shall be in agreement
between the manufacturer and the purchaser.
The graphitization failures with regards to graphitization have been
recurring over 60-70 years and been a continued industry concern. Figure 10
shows a macrograph of the C-1⁄2 Mo welded pipe from the Springdale Power
plant. Graphite nodules were observed in the base metal on the outer end of the
HAZ, appeared like “eyebrow” when evaluated macroscopically 7. White arrows
in the macrograph indicate the presence of graphite nodule outside of the visible
HAZ.
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Figure 10. Intergranular graphitization at extremity of HAZ as
shown by white arrows (Eyebrow Graphitization) in
the base metal which led to the first major
graphitization failure at Springdale Power Station in
194342.
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Table 1 shows the timeline of some of the major graphitization related
failures in carbon and carbon-moly steels. Three carbon steel (stainless steel
clad) catalytic cracking units failed in 1951; 8-foot-long crack was found to have
originated on the outer edge of the heat-affected zone (HAZ). Graphitization
was not concluded to be the primary cause of failure but was believed that
presence of graphite deteriorated stress-rupture properties 43. Two other failures
due the graphitization were experienced at the Oak Ridge gaseous diffusion
plant in 1957 (more than 100,000 hours at 935°F/502°C). These Oak Ridge failures
were similar to the Springdale PowerStation failure were also weld related 21.
Planar graphitization was observed in the narrow band region just outside of the
HAZ. The next reported graphitization related failure occurred at Pennelec’s
Williamsburg station in 1977, this incident resulted in 6 casualties 20.
Graphitization in power plants and refineries was a big problem between 1950s70s, but the move to the higher alloyed Cr-Mo steels has reduced graphitization
problems in most of steels in recent times. One of the most recent occurrence
with regards to graphitization in steel was in 2011 (C-1⁄2 Mo steel) and 2015
(carbon steel)21, 22.
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Table 1. Timeline of major graphitization failures.
Year
1935

1943

Remarks
Carbon denudation and graphitization was observed in carbonmolybdenum steel of a thermal cracking refinery unit after 3 years in
service around 900-1000°F 6.
Springdale Power Station Ruptured failure after 5-1/2 years at 935°F,
in the girth weld (just outside of the visible HAZ) – Considered the
first major failure and all the power plants were proactive in
examination for graphitization in their components after this failure 7.

1951

Three Reactors in Catalytic Refining Plant. Failure examination
showed presence of graphite but the primary reason of failure was
not attributed to graphitization, but the design failures.

1957

Oak Ridge gaseous diffusion plant, failure in the base metal just
outside of HAZ, at operating temperature ~ 900°F after more than
100,000 hours (~11 years) in service. Two failures occurred in Sept 4th
and 17th both as a result of graphitization 19, 44 .

1977

Pennelec’s Williamsburg Station fracture (resulted in 6 death) 20.

2003

Fracture in an outlet pipe of steam generator of power station
operating at 896°F, 100,000 hours (~11 years) in service in DIN 15Mo3
alloy steel 23.

2011

C-1⁄2 Mo Steel super heater inlet piping rupture after 275,000 hours
(~31 years) in service at 830°F (3 other failures in the same plant
between 1970 and 2011, but they were not investigated) 6.

2015

Carbon Steel (SA210-A1) Primary Super Heater Tube Fracture of a
Boiler (950°F, 1.3 ksi, 96,000 hours in service). This was attributed to
the use of wrong SA210-A1 material instead of SA209-T1 material 7.
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2.3.2 Effect of De-Oxidation Practice
With regards to graphitization, there is a historical significance that when
steels are operated in a certain temperature range, de-oxidation practice
(primarily aluminum) has the most influence. However, there has been no
profound explanation on why aluminum de-oxidized steels graphitize rather
quickly but is only a hypothesis. This has influenced on how people perceive
graphitization to date. Aluminum is the most discussed element with regards to
graphitization in carbon steels, however its true influence on graphitization is not
fully understood 9, 11, 12, 16-18, 45-51. Aluminum is primarily added as a deoxidizing
element along with silicon during the steelmaking process to minimize porosity
because of their de-oxidation power and stability of oxides at steelmaking
temperatures. Aluminum is generally added as a pure aluminum, because of its
low melting point 1220°F (660°C), however silicon 2577°F (1414°C) is added as an
eutectic of iron as ferrosilicon 2210°F (1210°C) to lower the melting point and
improve fluidity during steelmaking 52, 53. Apart from being a strong de-oxidizer,
aluminum also improves strength of steel by refining grain size. Aluminum
combines with nitrogen to form aluminum nitride (AlN) or oxygen to form
aluminum oxide (Al2 O3 ) to create nucleation sites for austenite grains 54.
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After the 1943 Springdale failure resulting from graphitization42,
researchers from various power plants were proactive in evaluating existing
components for the presence of graphitization. Examination of hundreds of
samples led various investigators to believe that aluminum-killed steels were
more susceptible to graphitization than non-aluminum-killed steels2, 7-18. The role
of aluminum in the occurrence of graphitization was first investigated by Austin
and Fetzer in 1945, who studied eighteen one-percent carbon steels and found
that heat treatment in an oxidizing environment increased the tendency for
graphitization9, 45. Oxygen from the environment can diffuse into the steel and
reacts with aluminum in solution to form alumina, which act as nucleation sites
for graphitization9. The theory on aluminum acting as nucleating agent and the
tendency of graphitization increased with the soluble aluminum content rather
than aluminum which is tied up as aluminum oxide was later espoused by
various other investigators 11, 12, 46, 49, 50. In addition, Kerr and Eberle examined
over eighty service-exposed carbon and C-Mo materials and observed increased
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amount of graphitization in aluminum de-oxidized steels9, 40. They proposed that
graphite nucleated around oxides, nitrides, or sulfides of aluminum or other
elements, although this was not experimentally determined12, 46. An irregular
form (not spherical) of graphite nucleating from an aluminum nitride particle
was observed by He. et al in a carbon steel with 0.38 wt.% C, 1.44 wt.% Al, and
1.82 wt.% Si, when examined using transmission electron microscopy (TEM) but
nodular graphite did not show the presence of a nucleating agent 48. Weaver16
and Smith55 compared the effect of de-oxidation practice (using different levels of
aluminum and silicon) on graphitization and found aluminum-killed steels were
more susceptible compared to silicon-killed. However, Wilder observed mixed
behavior regarding the effect of aluminum de-oxidation practice for the
occurrence of graphitization, graphitization was not observed in steels without
any de-oxidation practice but found on some instances that aluminum deoxidized steels highly resistant to graphitization18. Investigators have reported
graphitization in steels with different levels of aluminum (see Table 2), and thus
the actual threshold amount of aluminum which results in the occurrence of
graphitization is controversial.
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Table 2. Reported threshold amount for aluminum content for occurrence of graphitization in carbon and C-Mo steels.
Investigator(s)

Materials

Threshold Amount of Aluminum for Occurrence of
Graphitization

Blumberg7

carbon steels

Graphitization when greater than 1000 ppm
No graphitization when present less than 250 ppm

Austin/Fetzer9

carbon and C-Mo steels

Graphitization occurs when greater than 750 ppm
No graphitization when present less than 250 ppm

Kerr/Eberle13

80 carbon and C-Mo steels

Steel susceptible to graphitization when Al-deoxidized
None when less than 250 ppm

A. White17

carbon steel

G.V. Smith18

carbon steel

500 pm

Smith/ MacMillan/Dulis51

carbon steel

None when less than 250 ppm for CS and C-Mo

J.G. Wilson
(API Research) 56

250 carbon and C-Mo steels

160 ppm

500-750 ppm
None when less than 250 ppm for CS and C-Mo
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The observations on aluminum being a “graphitizer” have been based
solely on empirical observations using metallography to determine the presence
of graphite and chemical analysis for aluminum content. No clear observations
of graphite nodules nucleating from aluminum oxide/nitride particles have been
observed. Some of the early theories proposed by various investigators 9, 11, 12, 16-18,
45-51

with regards to the effect of aluminum on graphitization are:
1. Al2 O3 or AlN act as heterogeneous nucleation sites for graphitization.
2. Aluminum present in ferrite solid-solution is more potent for
graphitization than insoluble aluminum.
a. Aluminum in solid-solution reacts with oxygen diffused from the
service-environment to form Al2 O3 , which segregates to grain
boundaries to act as nucleating agent for graphitization.
However, these conclusions have been primarily empirical and the

theories on aluminum acting as a nucleating agent have not been experimentally
supported.
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2.3.3 Weld Related Graphitization
Apart from the influence of aluminum on the occurrence of graphitization,
the other topic which have been thoroughly discussed with regards to
graphitization is “weld related graphitization”. This form of graphitization has
been extensively discussed in the literature2, 7, 9, 16, 19, 20, 44, 57. Weld related
graphitization is considered to be the most detrimental and the most frequently
occurring form of graphitization. Most of the major failures attributed to
graphitization are associated with weld related graphitization. In graphitization
of this type, graphite nodules are aligned in a narrow band in the base metal
immediately outside of the optically visible heat-affected zone (HAZ). The
alignment of graphite nodules results in the formation of a “plane of an
embrittlement” through which cracks may readily propagate 58. Figure 11 shows
a micrograph illustrating an example of weld related graphitization in carbon
steel. Graphitization in Figure 11 was observed after 17 years of service at a
steam temperature of 800°F(427°C). Note that the graphite nodules are aligned
in a base metal region immediately outside of the optically visible HAZ. This
region of the HAZ is called subcritical heat-affected zone (SCHAZ)
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Figure 11. Example of planar/chain type “weld related graphitization”
observed just outside of the optically visible HAZ in carbon
steel after 17 years of service at 800°F (427°C). Dashed line
indicates the transition between the end of the optically visible
HAZ and the base metal, 2% Nital etch. Decarburization in the
areas adjacent to graphite nodules is evident.
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The SCHAZ does not exhibit any optically discernible microstructural
difference when compared to the unaffected base metal region remote from the
HAZ (apart from the presence of graphite). The occurrence of graphitization in
the SCHAZ is associated to specific peak temperatures during weld thermal
cycle. For a clear understanding of weld related graphitization, it is critical to
review all pertinent thermal cycles experienced by different HAZ regions. The
HAZ is the portion of the base metal which is not melted during welding, but
exhibits microstructural changes due to the weld thermal cycle. Figure 12
schematically shows peak temperatures experienced by different HAZ regions,
in conjunction with the iron-iron carbide (Fe- Fe3 C) metastable phase diagram 59.
Depending upon the peak temperature experienced during welding, the HAZ is
divided into four principal regions: coarse-grained HAZ (CGHAZ), fine-grained
HAZ (FGHAZ), intercritical HAZ (ICHAZ) and subcritical HAZ (SCHAZ).
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Figure 12. Schematic diagram showing the various regions of the HAZ
corresponding to carbon steel with 0.15 wt.% C indicated on the
Fe-Fe3 C equilibrium phase diagram 59.
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These HAZ regions are typically defined by the following peak
temperature ranges during welding.
CGHAZ

1100°C – Melting Point

FGHAZ

Ac3 – 1100°C

ICHAZ

Ac1 – Ac3

SCHAZ

Below Ac1

Ac1 and Ac3 correspond to the lower and upper critical transformation
temperatures, respectively upon heating. The Ac1 and Ac3 transformation
temperatures are higher than the equilibrium transformation temperatures (Ae1
and Ae3 ) because of the rapid heating rates during welding. Thus, the
transformation temperatures shown in conjunction with the distribution of peak
temperatures in Figure 12 are only for illustration purposes and are not exact for
welding conditions (i.e. non-equilibrium heating/cooling). Figure 13 shows a
composite of optical micrographs obtained at 50X showing various regions of the
HAZ for a 0.2 wt.% carbon steel. Higher magnification optical micrographs at
100X of four pertinent regions of the HAZ are also shown in Figure 13.
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Figure 13. Composite of optical micrographs (50X) and individual optical micrographs (100X) showing various regions of
the HAZ of a 0.2 wt.% carbon steel, 2% Nital etch.
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The SCHAZ region, which readily graphitizes, exhibits no optically
discernible microstructural difference compared to the base metal region remote
from the HAZ, which is unaffected during welding. With regards to the peak
temperature experienced by the SCHAZ, various researchers have espoused
different opinions. Some of the researchers believe that the region most
susceptible to graphitization (SCHAZ) is above the lower critical transformation
temperature (Ac1 ), however some investigators have proposed this region to be
below the Ac1 temperature 2, 4, 10, 26, 58, 60-64. Table 3 shows some of the early
opinions with regards to the peak temperatures of the most readily graphitized
region associated with welding.
Table 3. Previous reported temperature ranges for the most graphitized region of
the HAZ 2, 7, 11, 24, 56, 58-62.
Investigators

Suggested Peak Temperature for Most
Graphitized Region Related to Weld HAZ

Emerson (1945) 10

1350°F-1400°F

Eberle (1946) 60

1300°F-1400°F

Thielsch (1954) 58

1325°F-1425°F

Port (1989) 4, 26

Above the lower critical transformation temperature

Foulds (2001, 2015) 61, 63, 64

Above the lower critical transformation temperature
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In a multi-pass weld, graphite nodules have also been observed to align in
the base metal along the outer boundary of the weld HAZ through the entire
cross sections which appear as an “eyebrow” macroscopically and optically.
This type of graphitization has been termed as “eyebrow” graphitization. An
illustration of this form of graphitization is shown in Figure 1410. The aligned
nature of graphitization (eyebrow) results from a weld thermal cycle of constant
temperature at that location. Some of the early investigators have suggested, in
SCHAZ interstitial elements (especially carbon and nitrogen) diffuse during
welding 57, 58, 62, 63. When cooled these elements may result in the formation of
unstable carbides and carbon enriched alpha solid-solution, which precipitate as
graphite when exposed to elevated temperature 58, 59, 63, 64.
In the current investigation, a through approach to obtain mechanistic
view of the weld related graphitization was performed. A hypothesis to support
the increased amount of graphitization observed in the SCHAZ is proposed in
this study from a fine-scale microstructure and compositional variation
standpoint during welding. The peak temperature with regards to the most
graphitized region of the HAZ was also investigated in the current study.

40

Figure 14. Carbon steel weldment showing evidence of a moderate level
of graphitization just outside of the HAZ64.
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2.4

Factors Influencing Graphitization
The occurrence and degree of graphitization in steels is influenced by

various metallurgical factors, such as temperature, stress, chemical composition,
welding, etc. Certain steels have greater tendency to graphitize compared to the
others under the same operating conditions. Thus, it is critical to consider each
of these factors and discuss thoroughly their influence on graphitization:

2.4.1 Effect of Service Conditions
Graphitization in steels is a result of the phase transformation of
metastable iron-carbide (Fe3 C) to form stable iron and graphite (C) structure
during elevated temperature exposure. The solid-state transformation during
graphitization is a diffusional process and the rate of transformation increases
exponentially with an increase of temperature. Based on Arrhenius equation
below, the reaction rate for a solid-state transformation is given by Equation 6.
Reaction Rate = C e –Q/RT
Where, C = Temperature Independent Constant
Q = Activation Energy
R = Universal Gas Constant
T = Absolute Temperature

Equation 6
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The reaction rate for transformation is approximately doubled when
temperature is increased by 10C° (18F°). Diffusivity of carbon in ferrite and
austenite increases with an increase of temperature, as shown in Figure 1565.
Tendency for steels to graphitize increases with an increase of temperature.
Studies by Wilson showed that the rate of graphitization increased significantly
when the temperature was greater than 1000°F (538°C). However, the location of
graphitization was not influenced by the increase of temperature 56. As discussed
in the literature review section 2.2, the change in free energy for cementite
decomposition to form iron and graphite (Figure 7) increases with the increase of
temperature and reaches a local minimum at a temperature of 1050°F (566°C).
The graphitization rate decreases when the temperature is higher than 1050°F
(566°C) and the spheroidization rate increases (see Figure 8). Graphite does not
nucleate when the temperature is above the lower critical transformation
temperature (Ae1 ), unless prior graphite nuclei is present 66.
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Figure 15. Logarithm plot of diffusion coefficient versus reciprocal of
absolute temperature (K) 65.
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2.4.2 Effect of Alloying Elements
Various studies have been performed to examine the effect of alloying
elements on graphitization susceptibility of steels 1-23. Influence of the major
alloying elements on steels and their tendency to cause graphitization is
discussed below:
Aluminum
Aluminum is probably the most discussed element with regards to
graphitization in carbon steels and its influence with regards to graphitization in
steel is already been discussed in section 2.4.2.
Silicon
Silicon, similarly to aluminum is also added in steels as a deoxidizing
element. Silicon-killed steels were found to be less susceptible to graphitization
than aluminum-killed steels by multiple researchers 12, 16, 67. Weisberg in his study
showed that the graphitization in silicon-killed steel was not segregated in heataffected zone of the C-1⁄2 Mo steel 8. Kerr and Eberle in their investigation did not
observe any evidence of graphitization when steel was silicon-killed but
observed when steel was aluminum killed 12. Weaver in his investigation of
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deoxidized steels reported silicon-killed steels appeared to graphitize slower
than the aluminum-killed steel in a 0.15 wt. % C under the same operating
conditions. This is shown in Figure 16 below.
Carbon
The tendency of steels to graphitize increases with an increase of carbon
content2, 11, 15, 68. Carbon is primarily present as iron carbides (Fe3 C), in carbon and
low-alloy steels, and is available in low concentration in ferrite. The solubility of
carbon in alpha-ferrite is ~0.025 wt. % (see Fe-C phase diagram, Figure 12).
Molybdenum
Addition of molybdenum improves carbon stability by lowering the free
energy of cementite thus reduces propensity for graphitization. Smith and
Brambir, in their study of end-quenched carbon and carbon-molybdenum steel 2,
were able to graphitize at the same time when both of these steels were under
same conditions.
Chromium
Although present in relatively low level in carbon and carbonmolybdenum steel, chromium is believed to retard/prevent graphitization
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Figure 16. Effect of de-oxidation practice on growth of graphite nodules
as a function of temperature after 300 hours in 0.15 % carbon
steel16.
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susceptibility with improving carbide stability for elevated temperature service.
Various investigations of chromium containing steels from 0.7 wt. % to 2 wt. %,
showed no evidence of graphitization in examination of both laboratory and
ex-service components 2, 67, 69, 70. Graphitization was observed by few researchers
when chromium content was 0.5 wt. % or lower 68, 71. However, graphite was
only observed in the steel with finer grain size when chromium content was
0.25 wt. % 71. Thus, it was not conclusive whether the presence of graphitization
was a result of lower chromium content or a de-oxidation practice 71.

2.4.3 Effect of Prior Thermal Treatment
Normalizing heat-treatment at relatively higher temperatures which result
in an increase of austenite grain size showed the presence of chain type
graphitization. When steel was normalized at a lower temperature which
resulted in pearlitic microstructure caused formation of random and isolated
graphite nodules 10, 72. However, it was reported by Smith et. al. that when steels
were normalized at higher temperature, its reduced to form graphitization was
reduced 2, 60. Slower cooling in C-½ Mo steels resulting in bainitic microstructure
are more prone to graphitization than faster cooling, which resulted in
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martensitic structure. However, it was found opposite for carbon steel,
martensitic structure was found to be more susceptible to graphitization.

2.4.4 Effect of Welding Conditions
Welding perhaps has the most significant effect on the occurrence of
graphitization. The region of the base metal heat-affected zone (HAZ) which is
exposed to a peak temperature just below the lower critical transformation (Ac1 )
has been found to be the most susceptible to graphitization. However, there has
been a mixed-view with regards to the exact peak temperature of this region
during welding. The localized graphitization susceptibility increased when the
heat-input was increased (steeper temperature gradient)9. Postweld heat
treatment (PWHT) reduced tendency for C-½ Mo steels to graphitize, 1300°F
(704°C) for 4 hours was recommended for optimum performance9. Other studies
also showed 1400°F (760°C) PWHT improved graphitization susceptibility14, 37, 42,
70

. The materials under investigation in this study are carbon steels, which are

generally not given a postweld heat-treatment subsequent to the weld (as it is not
mandated by ASME boiler and pressure vessel code).
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2.4.5 Effect of Stress, Cold-Working and Deformation
It has been reported in previous investigations that stress or plastic
deformation accelerates graphitization. However, no conclusive evidence has
been reported and this has not been confirmed in laboratory experiments.
Hoyt’s in his investigation reported that stress accelerates graphitization but the
effect of stress was not attributed be the primary cause for graphitization in steels
11

. It was only attributed to increase the extent of graphitization.

2.4.6 Effect of Grain-size
The susceptibility of graphitization in steel increases with the finer-grain
size, as a result of increased diffusion path during elevated temperature
exposure. However, fine-grained heat-affected zone is generally not the most
graphitization susceptible region of a weldment. Thus, the effect of fine grain on
the occurrence/susceptibility of graphitization is only a secondary one.
Aluminum, apart from acting as a deoxidizing agent, it is also used a grainrefiner. Aluminum reacts with oxygen or nitrogen to form aluminum oxide or
aluminum nitride (Al2 O3 or AlN), which segregate to grain boundaries and
restricts the austenite grain-growth. The early investigation on effect of grainsize on graphitization has been fairly inconclusive. The investigators were
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unsure if the increased amount of graphitization on fine-grained steel was a
result of fine-grain size or the presence of Al2 O3 or AlN, which acted as
heterogeneous nucleation sites for graphite nodules 9, 60.

2.5

Kinetics of Graphitization
Graphitization is a result of solid-state transformation of metastable

cementite (Fe3 C) to form an equilibrium iron and graphite structure as shown by
equation below.
!"# $ → 3!" + $
The overall transformation involves a sequential processes of dissolution
of cementite, diffusion of carbon, formation of graphite nuclei, and graphite
growth66. The overall kinetics of transformation can be divided into two stages:
nucleation and growth. Graphite nodules nucleate on preferred nucleation sites
such as grain boundaries, dislocation defects, or inclusion-matrix interfaces. The
nucleation rate (N˚) is driven by an availability of free carbon, carbon activity,
and total number of nucleation sites. The ferrite-cementite interface was found
to be an easy nucleation site for graphite nodules. Once graphite nuclei reach a
critical size, nucleation stage is followed by nodule growth step. A critical
nucleus size was reported to be 4.1 Å by Tkachenko 63.

51

After initial incubation stage, nucleation and growth stages occur
simultaneously, i.e. new graphite nodule nucleates when previously nucleated
nodules continue to grow. The growth occurs by long range atomic diffusion of
carbon atoms primarily through grain boundaries and also through matrix to
nuclei. Growth is a diffusion controlled process is influenced by temperature, by
an Arrhenius type equation (shown below)73. C is temperature independent preexponential constant, Q is activation energy, and R is gas constant.
Ġ = C e –Q/RT
The overall solid-state transformation including nucleation and growth
stages is shown in Figure 1773. The growth rate which is primarily diffusion
controlled increases exponentially with an increase of temperature. The reaction
rate is approximately doubled when the temperature is increased by 10C° (18F°).
The rate of nucleation and growth of graphite nodules was measured by Brown
74

using polished and etched specimens. Fraction transformed showed a typical

Avrami-type sigmoidal (S-shaped) type curve equation (shown below). A
typical transformation plot is shown in Figure 18 74.
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Figure 17. Overall solid-state transformation
kinetics73.

Figure 18. Isothermal time-temperature transformation curve
for graphitization in a carbon steel (1 wt. % carbon).
Times for 28.5% of carbon to transform to graphite 74.
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2.6

Graphitization Rehabilitation Program
The complement replacement of a graphitized component is economically

an unviable option. Thus, various rehabilitation programs has been studied on
graphitized components by various researchers 19, 24, 58, 75. The most commonly
used rehabilitation methods employed were: 1) Re-austenitizing heat treatment,
2) Removal of graphitized region of the component followed by repair welding
of the removal site using arc welding, and 3) Replacement of the graphitized
component.
1. Re-austenitizing Heat-Treatment (or Solution Treatment):
In this process, the graphitized region of the component is locally heated
above the critical transformation temperature (Ac3 ) is hold for an amount to time
to allow graphite to go back to austenite solid-solution (γss). Generally the
graphitized region was heated to austenitizing temperature of 1700-1750°F
(927-954°C) for 4 hours. This method was succesfuly employed by various
investigators as it was cheaper and easier but was only considered to be a
temporary cure 58, 75. Oak Ridge steam lines graphitization was rehabilitated
temporarily performing austenitization treatment at 1750°F (954°C) for 2 hours19.
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Re-austenitizing treatment left behind small voids in the previously graphitized
region and which acted as nucleations sites for graphite when the components
are placed back in service 58, 76. Rehabilitated components in the Oak Ridge steam
line which was replaced with 1-1⁄4 Cr - 1⁄2 Mo 19. Thielsch stated that this method
did not improve ductility/toughness of the material but instead weakned the
material 58.
2. Removal of Graphitized Region:
In this method, the graphitized region of the component is excavated out
and the removal site was repair welded using welding process. This dissertation
discusses friction hydro pillar processing (friction-welding), which has been used
for repair welding of the excavated site. This is discussed in later in the
Weldcore® section.
3. Replacement of the Graphitized Component:
In this method, the graphitized component is entirely removed and
replaced by virgin material. Generally the replacement is performed using the
higher alloyed material than previously used to minimize the re-occurance of
graphite. The selection of the rebilitation program was determined by the
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severety of graphtiization, estimated remaining life, and operating conditions.
Thielsch based on the degree of graphitization (shown in Table 4) recommended
rehabilitation senario for a hypothetical installation, as shown in Table 5.

2.7

Weldcore® Technology
The prediction of remaining life assessment is important for the

continuation of the component in service in both power plants and petroleum
refineries. The various in situ non-destructive (ultrasonic inspection or surfacereplication) and destructive (boat samples) examination methods have been
employed in past to predict extent of various service-related damage like creep,
graphitization, HTHA, or cracking. However, the examination of samples using
surface replica metallography assumes that the damage is uniform through the
pipe/plate wall and, thus, may not be an exact representative of non-uniform
through-wall damage. The metallurgical sample examination process by boat
sample is difficult which requires repair welding of the boat sample extraction
site which has been found challenging 77. Thus, a Weldcore® technology; a
combination of sample extraction followed by the friction hydro pillar processing
(FHPP) repair.
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Table 4. Microstructures showing various degrees of graphitization in the HAZ
of carbon steel 58.
Extent of Graphitization

Mild

Moderate

Heavy

Severe

Extremely Severe

Micrograph (250X)
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Table 5. Recommended rehabilitation example on a hypothetical installation of a
carbon steel component by Thielsch 58.
Operating Parameters
Total Operation
Expected Future Operation
Operating
Temperature/Pressure
Shut-downs
Conditions for Severe
Thermal Shock
Exposure to Mechanical
Vibrations
Degree of Graphitization
(See Table 4)
None
Mild
Moderate

100,000 hours
150,000 hours
890°-915°F and 970-980 psi.
2 per year
Negligible
Negligible

Recommended Rehabilitation
Take another weld-probe specimen after
20000 - 30000 hours of service.
Take another weld-probe specimen after
8000 - 10000 hours of service.
Gouge out (partially) heat-affected
zone and repair weld the extracted site.

Heavy

Gouge out (completely) heat-affected
zone and repair weld the extracted site.

Severe

Replace respective piping or valve material at
next scheduled shutdown and check affected
materials for cracks.

Extremely Severe

Present condition of material extremely
hazardous. Check for cracks, make immediate
repairs and replace materials as soon as
replacement sections can be obtained.

Notes: ASTM A206, 1000 ppm of aluminum, 1.3” wall, 12-3/4” OD
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This technique was developed by Nelson Mandela Metropolitan
University (NMMU) researchers and this technique allows extraction of larger
sized samples consisting of majority of the component wall and is an efficient
repair process 77, 78. The Weldcore® technique has allowed more thorough
investigation of in service components to make run, repair, or retire decisions.
The Weldcore® methodology utilizes two steps: 1) Core Sample
Extraction for Metallurgical Characterization and 2) Repair Welding Process
using FHPP.
Sample/Core Extraction
The first step of the core extraction is to identify the location of an interest
for metallurgical examination and mechanical testing. A core sample (7-10 mm)
in diameter is generally extracted for the area of interest. The length of the
extracted core depends upon the wall-thickness of the component. The extracted
core generally contains approximately 60% of the wall-thickness 79. The core
extraction process involves four stages, which requires four specially designed
tools as shown in Figure 19 78.
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Figure 19. Photograph showing core retrieval tools 78 (Top) and sketch showing the
cross-sectional view of the core retrieval process (Bottom).
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Tool 1 is utilized for initial coring operation with 20 degrees taper. Tool 2
is a custom designed tool, which is inserted in the core to form a groove
(undercut) at the bottom of the core. Tool 3 is utilized to perform manipulation
and remove the core manually from the hole. Tool 4 is utilized to provide
smooth finish to the hole for subsequent repair welding process. The crosssectional view of each of the four stages of the core extraction process is shown in
Figure 19 78.
Repair Process
The core extraction site was subsequently repaired using friction tapered
hydro pillar processing (FTHPP). FTHPP is one of the variant of friction welding
process which utilizes the rotating motion of one component against another to
produce a frictional heat to produce solid state bonding. FHPP was developed
and patented by The British Welding Institute (TWI) in 1991 80. Since, the
development of this method, various studies have been performed to understand
and improve the characteristic of the finished weld and has been successfully
employed by various researchers on various ferrous and non-ferrous alloys. This
method is also called drill and fill method 80. The FTHPP weld is produced by
rotating a consumable tool concentrically inside a drilled hole while applying the
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downward force to generate a frictional heat along the faying surface, which
forms a solid-state bonding with the parent material 77-81. The drilled hole can
either be parallel or tapered to the consumable rod utilized to fill the hole. The
FHPP process which utilizes a tapered hole is called friction tapered hydro pillar
processing (FTHPP) 80, 82. The tapered consumable tool used is smaller in
diameter than the tapered hole in order to maintain the clearance between the
tool during welding 78. Figure 20 (left) shows the cross-sectional view of the
typical tool overlaid on top of the tapered hole prior to repair welding. Figure 20
(right) shows the cross-sectional schematic after the FTHPP weld repair is
completed. Figure 21 shows the macrograph of a typical FTHPP weld showing
good bonding on a X65 pipeline steel 81. Flash formation as a result of plastic
flow of the base material when the upsetting force is applied is also clearly
apparent. There are various important parameters critical to the quality of the
finished weld (bonding, microstructure, and mechanical properties) relevant to
the FTHPP process. Most important parameters are: spindle rotational speed
(rpm), downward/axial force (N), and the forging force.
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Figure 20. Cross-sectional view showing a set-up for FTHPP welding (before) and after (right). Note
that the diameter of the consumable tool machined is smaller than the bored hole.
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Figure 21. Macrograph of a typical friction tapered hydro pillar
processing (FTHPP) weld performed on X65 pipeline
steel using 10 mm diameter stud, 3% Nital etch 81.

64

An extensive research studies have been performed to optimize the
FTHPP process parameters by various researchers77, 80, 81, 83, 84. In the current
study, a rotational speed of 5000 rpm, axial force of 25 kN, forging force of 35 kN
was used. Figure 22 shows the plot of the axial load and rotational speed as a
function of time.
Although FTHPP is a rapid process and is completed within sixty seconds,
the entire process is sub-divided into number of phases 81, 85. During the first
phase, the consumable tool is rotated which comes in contact to the faying
surface when an axial load is applied. This phase is also called the “dry friction”
phase. During this phase, temperature rapidly increases as a result of frictionalheat, which results in plasticization of the consumable tool along the contact
surface. The plasticized layer is sheared off from the consumable tool, which is
pushed up along the interface with continual application of constant axial load.
Once the plasticized layer is spread across the interface, the rotating tool is
stopped and the forging force is applied. The forging force is held constant for
20-30 seconds and then the load is removed. FTHPP weld is completed and the
excess tool is cut off.
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Friction Tapered Hydro Pillar Processing Weld Thermal Cycle
Similarly, to an arc welding, FTHPP introduces a complex thermal cycle
(rapid heating and cooling) in the base metal adjacent to the interface. The
FTHPP thermal cycle determines the final microstructure and thus the resulting
mechanical properties. The region of the base metal which is thermally effected
during welding is called heat-affected zone (HAZ), which consists of several
regions, coarse-grained HAZ (CGHAZ), fine-grained HAZ (FGHAZ),
intercritical HAZ (ICHAZ), and subcritical HAZ (SCHAZ). These regions are
defined by the peak temperature experienced during the welding process.
Figure 12 shows the schematic illustration of the positions of these various HAZ
regions HAZ in the Fe- Fe3 C metastable phase diagram59. Various efforts have
been performed to measure the actual thermal cycle of a FTHPP weld 81, 85, 86. It is
extremely challenging to measure exact thermal cycle at the interface as a result
of difficulty of reading temperatures using thermocouples attached adjacent to
the interface, whose position may be influenced by the plastic flow during the
FTHPP process 81. Hattingh recorded a peak temperature of 2016°F (1102°C) at
the bottom of the tapered at a distance of 0.5 mm from the hole.
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Figure 22. Process parameters, Z-axis force and rotational speed as a function of
time for friction tapered hydro pillar processing (FTHPP).
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Chapter 3 - Project Objective
The research proposed herein is intended to characterize microstructural
examination of graphitized components with regards to creep performance and
remaining life performance. The major goals of the project are:
1. To obtain more complete understanding on graphitization in steels (specially
with regards to influence of aluminum and weld related graphitization) to
assist power plants and refineries.
2. Build an important database to assist industry which consists of
metallography and creep testing results which will be of assistance for
making run, repair, or retire decisions on the components.
3. Study to examine efficacy of in situ examination methods for graphitized
components.
4. Further understanding on time-temperature behavior of graphitization in
carbon steel components.
To acquire above mentioned goals the investigation approaches used were as
follows:
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1.

A microstructural examination to characterize the presence, type,
morphology, and location of graphitization was performed. This was
accomplished using optical light microscopy (OLM), scanning electron
microscopy (SEM).

2. Cryo-cracking, which followed a subsequent SEM examination was used to
study the morphological features of graphite growth.
3. The quantitative metallographic examination was performed to determine the
extent of graphitization using both manual point count method and
automated image analysis software. Manual point count method was
performed utilizing ASTM E562 procedure and Image J software was used for
automated method.
4. The mechanical properties of the materials of interest was examined using
creep testing, ASME IX bend tests and hardness assessments.
5. Post creep-test metallographic examination was performed to evaluate the
influence of creep-testing on microstructure.
6. Ultrasonic testing was performed with an assistance of Team Industrial
Services to develop a protocol for in situ examination of graphitized
components.
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7. Core-extraction study was performed to evaluate efficacy for in service
examination was performed with an assistance of Nelson Mandela
Metropolitan University (NMMU). Subsequent repair welding of core
extraction site was also studied using friction tapered hydro pillar processing
(FTHPP).
8. The estimation on the increase of graphitization upon further aging and
creep-testing were studied on the service-exposed and repair-welded
materials.
9. The heat-treatment studies provided a further understanding on the timetemperature (nucleation and growth) on graphitization of carbon steel
components. This was accomplished using a series of accelerated heattreatment studies followed by periodic microstructural examination using
OLM & SEM.
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Chapter 4 - Materials and Experimental
In order to increase the understanding of graphitization in carbon and
low-alloy steels; a detailed study was performed at the University of Tennessee,
Knoxville. Six ex-service carbon steel weldments consisting of both
circumferential (CW) or longitudinal seam welds (LSW) were received for further
graphitization studies. These materials were removed after a ij years of service at
a steam temperature of kll°F (mnj°C) and a pressure of onp psi (m.q MPa). Table 6
shows the designations of the welds used in the current study. Typical wallthickness of the materials studied were greater than ¾” (ip mm).
Table 6. Sample designations of the materials studied in this study.
Sample ID

Weld Type

CW-A
CW-B
CW-C

CW between Base Metals Ai and An
CW between Base Metals Bi and Bn
CW between Base Metals Ci and Cn

Wall-Thickness
(inches/mm)
i-q⁄k” (qt mm)
i-q⁄k” (qt mm)
¾” (ip mm)

LSW-Ai
LSW-D
LSW-E

LSW – Base Metal Ai
LSW – Base Metal D
LSW – Base Metal E

i-q⁄k” (qt mm)
i” (nt mm)
i” (nt mm)

CW – Circumferential Weld, LSW – Longitudinal Seam Weld
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Metallographic examination using both optical light microscopy (OLM)
and scanning electron microscopy (SEM) was performed to evaluate the
presence, extent and morphology of graphitization. Cryo-cracking was
performed to further examine the morphology of graphite growth. Creep testing
was performed to examine the influence of graphitization in creep performance.
Heat treatment studies were performed on the selected materials to further
fundamental understanding of graphite nucleation/growth. Ultrasonic detection
capabilities for graphitization using modern state-of-the-art techniques for in situ
inspection with an assistance of level III NDE expert from Team Industrial
Services was explored. Metallurgical characterization using core extraction
followed by subsequent repair welding was also studied to evaluate the efficacy
of in situ core extraction studies. Details on each of these procedures is
explained later in this chapter.
The chemical composition of the all the base materials were acquired
using a standard optical emission spectroscopy (OES). The chemical
composition of base metals conforms to a typical carbon steel composition
similar to that of ASTM A516 (pressure vessel plates, carbon steel for moderate
and low temperature service, see Appendix D). Table 7 shows the chemical
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composition of all the materials investigated in this study. The major alloying
elements are carbon, manganese, and silicon.

4.1

Metallurgical Characterization

4.1.1 Metallographic Examination
Samples for the metallographic examination were extracted from the
desired locations and orientation. Samples were prepared following a sequential
order using 120, 400, 600, and 1200 grit diamond grinding disks, polished with
6 µm and then 3 µm diamond paste on a woven napless nylon cloth. Samples
were finished to a 0.05 µm alumina finish in a micro-cloth. To ensure retention
of graphite, grinding times must be minimized. Samples were etched using 2%
Nital (nitric acid and ethanol). Samples were examined for the presence and
location of graphite using both optical light microscopy (50X-1000X) and
scanning electron microscopy (500X–100,000X). Energy dispersive spectroscopy
(EDS) was performed for examination of graphite and other elements if
associated with nucleation of graphite.
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Table 7. Chemical composition (wt.%) of the base metals used in the current study.
Elements

CW-A1

CW-A2

CW-B1

CW-B2

LSW-D

LSW-E

CW-C1

CW-C2

C

0.228

0.230

0.180

0.182

0.263

0.181

0.117

0.203

Mn

0.82

0.83

0.82

0.81

0.82

0.82

0.96

0.63

P

0.015

0.017

0.015

0.022

0.014

0.014

0.02

0.015

S

0.013

0.008

0.013

0.01

0.008

0.011

0.022

0.016

Si

0.25

0.24

0.25

0.20

0.20

0.24

0.16

0.29

Cu

0.04

0.01

0.04

0.04

0.01

0.02

0.07

0.01

Ni

0.02

0.02

0.02

0.08

0.01

0.02

0.66

0.02

Cr

0.03

0.01

0.03

0.07

0.01

0.04

0.05

0.03

Mo

0.006

0.002

0.006

0.02

0.002

0.01

0.014

0.004

V

0.002

0.004

0.002

0.002

0.002

0.002

0.002

0.004

Nb

< 0.01

0.001

< 0.01

< 0.01

<0.01

<0.01

0.001

0.001

Ti

0.001

0.001

0.001

0.001

0.002

0.001

0.001

0.002

Co

0.005

0.005

0.005

0.004

0.004

0.004

0.008

0.003

Al

0.046

0.014

0.045

0.002

0.006

0.047

0.003

0.035

B

0.0001

0.0003

0.0001

0.0002

0.0004

0.0001

0.0002

0.0003

W

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

<0.01

<0.01

Sb

0.001

0.002

0.001

0.001

0.001

0.001

0.001

0.001

As

0.005

0.003

0.005

0.005

0.002

0.005

0.009

0.002

Sn

0.002

0.001

0.002

0.006

<0.001

0.002

0.008

0.002

Zr

< 0.001

< 0.001

0.001

< 0.001

<0.001

0.001

0.001

0.001

Pb

0.001

< 0.001

0.001

0.001

0.001

0.001

0.001

0.001

N

0.005

0.005

0.005

0.007

0.004

0.006

0.011

0.003

O

0.001

0.001

0.010

0.014

0.004

0.008

0.002

0.001
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4.1.2 Cryo-cracking
The cryo-cracking technique was further used to study the presence and
morphology of graphite. During cryo-cracking, a selected steel sample is cooled
to a liquid nitrogen temperature of [-320°F (-196°C)] and a fracture is imposed at
a desired location by using a rapid force. This technique preserves the
preexisting surface features as no plastic deformation is produced during crack
propagation and allows three-dimensional topographic observation. The
cryo-cracked fracture surface was examined using SEM for presence and extent
of graphitization. Energy dispersive spectroscopy (EDS) was performed for
examination of graphite and if other elements associated with nucleation of
graphite. Cryo-cracking was only performed on CW-A weldment based on the
initial metallographic results.

4.1.3 Thermal Cycle Simulation of HAZ using Gleeble
The region of the base metal, which is thermally effected during welding,
is called heat-affected zone (HAZ), which consists of several regions, coarsegrained HAZ (CGHAZ), fine-grained HAZ (FGHAZ), intercritical HAZ
(ICHAZ), and subcritical HAZ (SCHAZ). These regions are defined by the peak
temperature (thermal cycle) which result in specific microstructure experienced
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during welding. Lower/upper critical transformation temperature (Ac1 , Ac3 )
were determined using Gleeble dilatometry. Graphitization during various
preliminary studies 2, 7, 12, 13, 15, 16, 51, 55, 57, 68, 70, 87 was observed primarily just outside of
the visible HAZ (SCHAZ) and in a minimal extent in the CGHAZ and FGHAZ
regions. Because of the relative importance to the occurrence of graphitization in
the SCHAZ, thermal cycle simulation studies were performed to examine the
microstructure of these regions using Gleeble 1500D. A thermal simulation
parameters were performed using measured F(s,d) data for a 1” plate with 50
KJ/inch energy input with no preheat 88. These parameters are typical of the
components under investigation in this study. Microstructural examination of
the thermally simulated samples was performed using optical and scanning
electron microscopy.

4.2

In Situ Inspection for Graphitization

4.2.1 Ultrasonic Inspection
The presence of graphitization in the materials under investigation was
performed using the modern state-of-the-art ultrasonic inspection techniques,
such as phased array, focused phased array. Ultrasonic inspection was
performed with an assistance of level III NDE expert from Team Industrial
Services. The major objective of NDE studies was to enhance the ultrasonic
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inspection capabilities for detection of graphitized materials and to develop a
protocol for inspection. Circumferential weldments (CW-A and CW-B) were
selected for ultrasonic inspection studies. Post metallographic examination was
performed to further enhance learning from the ultrasonic inspection.

4.2.2 Weldcore® Technology
In order to evaluate the extent of graphitization damage in situ condition,
efficacy of core extraction methodology was performed using Weldcore®
technology. Weldcore® technology involved core extraction for metallurgical
characterization, which subsequently followed friction weld repair. Core
extraction and repair welding was performed with an assistance of Nelson
Mandela Metropolitan University (NMMU), South Africa.
Two carbon steel circumferential welds designated CW-A and CW-B were
selected for core extraction and repair welding studies. These two weldments
exhibited the most extensive graphitization compared to the other materials
examined that were examined. CW-A consisted of base metals A1 and A2, and
CW-B consisted of base metals B1 and B2. Graphitization was observed on both
A1 and A2 base metals. CW-B showed graphitization only on the B1 base metal.
Graphitization was not observed in any locations of B2 base metal. The
maximum extent of graphitization (planar morphology) was observed in the base
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metal just outside of the visible HAZ for both weldments at the location which
was exposed just below the lower critical transformation temperature (Ac1 ).
The enhanced microstructural characterization was performed on the extracted
cores and the repair welded components to understand the microstructure.

4.3

Mechanical Testing

4.3.1 ASME Section IX Bend Tests
An ASME Section IX root bend test (3/8” × 1-1/2” × 6”) was performed to
examine if bend ductility of the component was influenced by the presence
graphite. Bend test was performed on CW-A weldment only, which was based
on the initial metallographic examination results (which is discussed later in the
metallographic examination results). Metallographic examination showed
maximum extent of graphitization just outside of the visible HAZ. Bend samples
were centered just outside of the HAZ to examine the bend ductility along the
outer edge of the HAZ. A face bend was performed on longitudinal samples.

4.3.2 Creep Testing
Creep testing was performed to obtain the steady state creep rates (%/hr)
at various temperatures and stress combinations to establish potential remaining
service life. In order to maximize the creep data acquisition; temperature and
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stress was varied in a sample and the steady state creep rate can be determined
at various temperature and stress combinations. Figure 23 shows a typical creep
testing plan for a constant stress and a constant temperature combination. A
jumbo sized specimens consisting majority of the pipe wall was used in this
study. These jumbo samples provide a better representation of in-service stress
conditions taking into account microstructural variation (weld deposit, base
metal, HAZ). The use of jumbo type sample eliminates influence of oxidation (at
elevated temperature properties) on creep rupture behavior. Figure 24 shows a
typical example of the specimen which was used during this study.
Metallographic evaluation (OLM and SEM) was conducted on the creep tested
samples to establish a correlation between microstructural and creep behavior.
A total of 30 specimens which included service-exposed and friction welded
materials were tested in the current study. Creep testing was performed at
Materials Technology Corporation (MTC), Ann Arbor, MI who is capable of
performing these large cross-section specimens.

4.4

Heat Treatment Studies
To further understand the kinetics of graphitization, a long term heat-

treatment studies were performed both service-exposed and friction repairwelded components. The primary goal of this study is to further understand
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growth of pre-existing graphite nodules and also nucleation/growth of new
nodules. The temperatures selected for the heat treatment studies are slightly
higher (900-1000°F) than the typical operating temperatures (800°F) of these
components to accelerate the reaction rate. Post metallographic examination of
on the heat treated samples were performed using optical and scanning electron
microscopy.
Three non-graphitized C-½ Mo steel materials (Sample #1 0.014 wt.% Al,
Sample #2: 0.034 wt.% Al and Sample #3: 0.004 wt.% Al) with varying amount of
aluminum content was subjected to heat-treatment studies. Heat-treatment was
performed at 1000°F and the samples were sequentially examined after 50, 100,
250, 500, 1000, 2000, 3000, and 4000 hours for evaluation regarding the
progression of nucleation and growth of graphite nodules.
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Figure 23. Creep testing plan to obtain steady state creep rate89.
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Figure 24. Photograph of a typical cross weld jumbo sized creep specimen used in this study.
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Chapter 5 - Results and Discussion
5.1

Metallurgical Characterization

5.1.1 Metallographic Examination
Circumferential Weld (CW-A)
CW-A is a circumferential weld between two 36” (914 mm) diameter long
seam welded pipe sections A1 and A2. Cross-sectional specimens were extracted
for metallurgical examination (macrograph shown in Figure 25). Graphitization
was observed in both base metals A1 and A2 and the extent and morphology of
graphitization did not vary with circumferential positions. The maximum extent
of graphitization was observed just outside of the optically visible HAZ on both
sides of the heat-affected zone. Figure 26 shows optical panorama depicting
evidences of graphitization on both sides of the CW-A weldment. The higher
magnification optical micrographs are shown in Figure 27. Graphitization in the
base metal remote from the fusion line was random/isolated and was to a
reduced extent compared to the base metal outside of HAZ (Figure 28). No
graphitization was not observed in the weld deposit. Few evidences of
graphitization were observed in the FGHAZ and the CGHAZ (see Appendix for
additional optical micrographs).
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Figure 25. Cross-sectional macrograph of the circumferential weld -A (CW-A), 2% Nital etch.

84

Figure 26. Optical panorama showing severe graphitization in the base metal region just outside of the
optically visible HAZ (boxed region the macrograph) in CW-A, 2% Nital etch.

85

Figure 27. Optical micrographs showing, planar graphitization
observed just outside of the visible HAZ on CW-A
(A2 Base Metal), 2% Nital etch.
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Figure 28. Optical micrographs, showing evidence of random
graphitization in the base metal remote from the
HAZ on CW-A (A2 Base Metal), 2% Nital etch.
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Circumferential Weld (CW-B)
CW-B consisted of a circumferential weld between base metals B1 and B2.
Cross-sectional specimens were extracted for metallurgical examination from
CW-B weldment. Figure 29 shows the cross-sectional macrograph of CW-B.
Graphitization was only observed in the B1 side of the weld deposit.
Graphitization was not observed at any location of B2. The maximum extent of
graphitization in B1 was observed just outside of the visible HAZ, and were
oriented parallel to the primary plate rolling direction. Graphitization observed
in the base metal B1 is a planar type. Graphitization in the base metal remote
from the fusion line was random and isolated in B1. Figure 30 shows optical
micrographs from the base metal just outside of the HAZ in B1. Evidences of
randomly dispersed graphite nodules were also observed in the B1 FGHAZ (see
Figure 31). Graphitization was not observed in the weld deposit and the coarsegrained heat-affected zone (CGHAZ). B1 and B2 base metals were operating
under the same conditions but B1 exhibited graphitization and B2 did not. The
non-occurrence of graphitization in the B2 base metal is attributed to its lower
aluminum content compared to the base metal B1 (0.002 wt. % vs. 0.045 wt.%).
Additional micrographs from the CW-B weldment exhibiting graphitization is
presented in Appendix B.
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Figure 29. Macrograph of a circumferential weld, CW-B, 2% Nital etch.
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Figure 30. Optical micrographs, showing planar graphitization
in the base metal just outside of the HAZ of CW-B,
2% Nital etch.
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Figure 31. Optical micrographs showing random and isolated
graphitization in the FGHAZ in CW-B, 2% Nital etch.
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Circumferential Weld (CW-C)
CW-C consisted of a circumferential weld between base metals C1 and C2.
Multiple cross-sectional specimens were extracted from CW-C for metallurgical
examination from various circumferential positions. All specimens exhibited
similar extent of graphitization. Figure 32 shows a cross-sectional macrograph of
CW-C circumferential weld. Graphitization was observed in the base metal C1
side (base metal and HAZ); however, was not observed at any locations of the
base metal C2. The non-occurrence of graphitization in the base metal C2 is
attributed to its lower aluminum content compared to the base metal C1 (0.045
wt.% vs. 0.002 wt.%). Graphitization in C1 was primarily observed just outside
of the visible HAZ and exhibited chain-type morphology. Random and isolated
graphitization was observed remote from the weld deposit. Figure 33 shows
example of graphitization observed in the base metal just outside of the HAZ.
Figure 34 depicts example of graphitization in the base metal remote from the
HAZ. Evidences of randomly dispersed graphite nodules were observed in the
CGHAZ and FGHAZ. Graphitization was not observed in the weld deposit.
Additional micrographs from CW-C weldment exhibiting graphitization is
presented in Appendix B.
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Figure 32. Weld C - Circumferential weld macrograph, 2% Nital etch.
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Figure 33. Optical micrographs showing planar graphitization,
A) 100X, and B) 500X in CW-C (C2) base metal HAZ,
2% Nital etch.
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Figure 34. Optical micrographs showing isolated
graphitization, A) 100X, and B) 500X in C2 base
metal, 2% Nital etch.
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Longitudinal Seam Weld (LSW-D)
Cross-sectional specimen for metallurgical examination was extracted
from the longitudinal seam welded pipe section LSW-D. Graphitization was
observed in the base metal and the HAZ (only FGHAZ). No evidence of
graphitization was observed in the weld deposit. Graphitization was primarily
observed in the base metal just outside of the visible HAZ, which exhibited
chain-type morphology. Random and isolated form of graphitization was
observed in the base metal remote from the weld deposit. Graphitization
observed in the FGHAZ was to a lower extent compared to the base metal region
just outside of the HAZ. Graphitization in LSW-D was similar to what was
observed in the samples (CW-A, CW-B and CW-C) discussed earlier.
Micrographs from LSW-D is presented in Appendix B.
Longitudinal Seam Weld (LSW-E)
Cross-sectional specimen for metallurgical examination was extracted
from the longitudinal seam welded pipe LSW-E. Graphitization in LSW-E was
observed to a reduced extent compared to the rest of the materials examined in
the current study. Graphitization was only observed in the base metal was
random and isolated. The low-level of graphitization in LSW-E can be attributed
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to its low aluminum content compared to the rest of the materials. Related
micrographs from LSW-E is presented in Appendix B.

5.1.2 Cryo-cracking
Cryo-cracking study was performed on CW-A weldment on samples
extracted from both A1 and A2 base metal. Both samples A1 and A2 present
similar results with regards to the extent and location of graphitization. The
result presented herein only correspond to SEM fractographic examination
performed on the A2 base metal. Figure 35 shows the location of sample
extraction for cryo-cracking. Samples for cryo-cracking was extracted parallel to
the weld fusion line and a sharp ~2 mm notch, perpendicular to the weld fusion
line was placed using a dremel tool. The notch was made circumferentially
around the sample to direct the cryo-cracking along the desired path. Sample
was fractured at liquid nitrogen temperature (-196°C, -320°F) using a rapid force.
Fracture surface was examined using SEM, which allowed examination on the
extent, location and morphology of graphitization. Figure 36 shows a
macrograph of the cryo-cracked fracture surface and the macrograph showed the
presence of weld deposit, HAZ, and the base metal. Note: evidence of
graphitization was observed just outside of the HAZ, even in a low
magnification macrograph.
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Figure 35. Cryo-cracking sample extraction location is shown
by dashed lines. ~2 mm deep notch (shown by
arrow) was placed perpendicular to the weld fusion
line to propagate fracture along the desired location.

Figure 36. Cryo-cracking fractograph showing various regions
of the weldment: weld deposit, HAZ and the base
metal. Note the presence of graphite observed even
at low magnification fractograph.
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A three dimensional pseudo-schematic depicting the presence of graphite
in a cryo-cracked fracture surface along with the polished and etched optical
micrograph is presented in Figure 37. White arrows indicate graphite nodules.
A chain-type graphitization was observed in the base metal just outside of the
optically visible HAZ. Random and isolated graphite nodules were observed in
the base metal remote from the HAZ. The difference in extent of graphtiization
was clearly apparent between the base metal region just outside of the HAZ and
the repote from HAZ. Figure 38 and Figure 39 depict higher magnification SEM
fractographs from the base metal region just outside of the visible HAZ.
Fractographs showed that graphite nodules grew in a rosette pattern, initiated at
the center and grew on outward direction. Energy dispersive spectroscopy
(EDS) examination of the center of the nodule showed the presence carbon.
However, with regards to aluminum and silicon, which has been previously
espoused in the literature by various investigators being influential to nucleation
of graphite nodules was not detected at/or around graphite nodules in multiple
EDS examination attempts. This appear to suggest that aluminum or silicon may
have no effect on nucleation of graphite nodules.
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Figure 37.Three dimensional schematic illustrating the presence of graphite in a cryo-cracked fracture
surface along with the polished and etched optical micrograph. White arrows indicate
typical graphite nodules. Graphitization was primarily located just outside of the visible
HAZ and random/isolated graphite nodules were observed in the base metal remote from
the HAZ.
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Figure 38. SEM cryo-cracked fractographs (A1, B1 = 1000X and A2, B2 = 5000X of the
region just outside of the visible HAZ, showing agglomeration of graphite
nodules. Higher magnification SEM fractographs are shown in Figure 39.
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Figure 39. SEM cryo-cracked fractographs of graphite nodule exhibited rosette pattern
(i.e. initiated at the center and grew in outward direction. EDS examination
conformed graphite nodule.
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5.1.3 Effect of Aluminum on Graphitization
Aluminum is the most discussed element with regards to graphitization in
carbon steels, however its true influence on graphitization is not fully
understood 9, 11, 12, 16-18, 45-51. A literature survey on the early observations with
regards to the effect of aluminum on graphitization is presented in section 2.4.3.
The early observations on aluminum being a graphitizer have been based solely
on empirical observations using metallography to determine the presence of
graphite and chemical analysis for aluminum content. No clear observations of
graphite nodules nucleating from aluminum oxide/nitride particles have been
observed. The metallographic examination results in the current study
supported the generally accepted hypothesis on aluminum increasing the extent
of graphitization. Tables 8-9 show the effect of aluminum content for the
occurrence of graphitization in carbon and C-½ Mo steels. Figure 40 shows the
correlation between the aluminum content and the extent of graphitization
observed in metallographic specimens. An aluminum content of ~0.005 wt.%
was found to be the threshold amount for occurrence of graphitization in the
carbon steels investigated in the current study. However, the presence of
nucleating agents associated with aluminum (oxide or nitride) was not detected
in or around graphite nodules when examined using EDS.
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Table 8. Table showing the effect of aluminum on graphitization in service-exposed (17 years at 800°F) carbon steel
materials. An aluminum content of 0.005 wt.% found to be the threshold amount for occurrence of graphitization.
Aluminum
Carbon
Silicon
Graphitization

LSW-D

CW-A-A1

CW-B-B1

CW-C-C2

CW-A-A2

LSE-E

CW-C-C1

CW-B-B1

0.047
0.18
0.24
Planar

0.046
0.23
0.25
Planar

0.045
0.18
0.25
Planar

0.035
0.20
0.29
Planar

0.014
0.23
0.24
Planar

0.006
0.26
0.20
Isolated/Minimal

0.003
0.12
0.16
None

0.002
0.18
0.20
None

Chemical composition expressed in weight percentage.

Table 9. Table showing the effect of aluminum on graphitization in C-½ Mo materials subjected to laboratory heattreatment studies at 1000°F for 4000 hours.
Sample 1

Sample 2

Aluminum
0.014
0.034
Carbon
0.19
0.26
Molybdenum
0.48
0.43
Silicon
0.23
0.21
Graphitization
None
Yes**
Chemical composition expressed in weight percentage
** Graphitization along grain boundaries and triple-point junctions was observed after 500 hours at 1000°F

Sample 3
0.004
0.11
0.54
0.20
None
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Figure 40. Effect of aluminum on graphitization of service-exposed carbon steel
studied in the current project. An aluminum content of 0.005 wt.%
found to be the threshold amount for occurrence of graphitization.

105

The EDS measurements were performed on both polished/etched and also
on cryo-cracked fracture surfaces. The aluminum content on the eight serviceexposed carbon steel materials ranged from 0.002 wt.%-0.047 wt.% and three
heat-treated C-½ Mo materials ranged from 0.004 wt.%-0.034 wt.%. The level of
aluminum present in these materials are on the lower end of the detectability
limit of the modern day state-of-the-art chemical analysis techniques like Auger
electron spectroscopy (detectability limit of the instrument at ORNL is 0.05
wt.%), thus was not approached.
The major source of carbon during graphitization reaction is cementite
which is located within pearlite colonies. In initial stages of graphitization,
nodules of graphite are observed to nucleate primarily at ferrite-cementite
interface. Examples of graphite nucleating along the ferrite-cementite interface
after 500 hours of exposure at 1000°F is shown in Figure 41 and Figure 42.
Pearlite forms from a diffusional transformation of austenite resulting in a
cooperative growth of cementite and ferrite. Since, the transformation is
diffusion controlled and occurs at a fairly high temperature (~700°C), both
substitutional and interstitial elements to equally partition. Aluminum and
silicon which has partition coefficient (K = Ccementite/CFerrite) less than one, thus will
partition to ferrite.
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Figure 41. SEM micrograph showing nucleation of graphite nodules along ferrite-cementite interface
with in a pearlite colony (observed after 500-hours exposure at 1000°F).
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Figure 42. SEM micrograph showing nucleation of graphite nodules along ferrite-cementite interface
with in a pearlite colony (observed after 500-hours exposure at 1000°F).
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Carbide forming elements, such as manganese, chromium, molybdenum,
etc. has partition coefficient (K = Ccementite/CFerrite) greater than one, thus will
partition to cementite. This was experimentally depicted by H. Bhadeshia using
atom probe tomography measurements across ferrite-cementite lamella within a
pearlite colony (Figure 43)90.

Figure 43. Atom probe tomography measurements across
ferrite-cementite lamella in a pearlite colony in a low
carbon steel. (square box denote across cementite
region)90.
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Thus, a hypothesis to support empirically observed behavior on the effect
of aluminum on the occurrence of increased amount of graphitization, based on
thermodynamic principles, has been postulated. Rather than aluminum acting
as a nucleation agent, we believe that aluminum acts to accelerate in the rate of
graphitization by following reasons:
1. Decreasing Solubility of Carbon in Ferrite
Partition of aluminum in ferrite results in decreased solubility limit of
carbon in ferrite, thus increases the tendency for atoms to leave alpha-solid
solution. Increase in aluminum or silicon results in decrease of solubility of
carbon in ferrite. This is experimentally shown for both low and high levels of
aluminum. Figure 44 shows the solubility of carbon differential as a function of
alloying elements91.
2. Increasing Metastability of Cementite by Increasing Carbon Activity
The graphitization reaction is shown below, and the major driving force
for the reaction to proceed forward is the free energy change during the reaction.

!"# $ → 3!" + $ (*+,-ℎ/0")
∆3 = −67 ln :
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where, R is gas constant, T is temperature (kelvin), and K is equilibrium
constant, which is directly proportional to activity.

,; [[,=> ]#
:=
[,=>#@]
Thus, increase in carbon activity increase the free energy change for the
graphitization reaction, thus resulting in increased amount of graphitization with
increased aluminum content. This, results in increase of cementite metastability
thus increasing tendency of graphitization.

Figure 44. Change in solubility of carbon in iron as a function
of alloying elements 91.
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5.1.4 Weld Related Graphitization
Graphitization in the carbon steels examined in the current study was
principally observed to be aligned in a narrow band immediately outside of the
optically visible base metal weld heat-affected zone (HAZ). A composite of
optical micrographs (50X) in Figure 45 depicts the various regions of the base
metal heat-affected zone, and clearly shows that graphite nodules are located
outside of the base metal HAZ in a region called the subcritical HAZ (SCHAZ).
This region is so named as to reflect that the maximum temperature during
welding is below the lower critical transformation temperature of steel
(Ac1 temperature). The Ac1 temperature is related to the Ae1 temperature but is
higher than Ae1 due to the effect of heating rate. Higher magnification optical
micrographs (200X) of all pertinent HAZ regions are shown in Figure 45. The
base metal adjacent to graphite nodules (Figure 45) shows no optically
distinguishable difference when compared to the base metal remote from the
HAZ. To further understand the susceptibility of the SCHAZ region to
graphitization, it is critical to study the weld thermal cycle experienced by this
region.
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Figure 45. Composite (50X) and higher magnification (200X) optical micrographs showing various regions of
the heat-affected zone (HAZ). Graphite nodules were primarily observed in the SCHAZ. Note:
the microstructure (ferrite and pearlite) adjacent to the graphite nodules in the SCHAZ is
optically identical to that of the unaffected base metal, 2% Nital etch.
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As-discussed in detail in the literature-review section (2.3.3), some of the
earlier investigators believed that the most graphitization susceptible region is
the intercritical heat-affected zone (ICHAZ), which pertains to peak temperatures
above the lower critical transformation temperature (Ac1 ) and other researchers
espoused that it is below the Ac1 temperature and thus in the SCHAZ 2, 7, 11, 24, 43, 4549

.
To clarify that the weld thermal cycle peak temperature for the most

graphitization susceptible region, it is important to understand the various HAZ
regions. The HAZ is generally divided into four regions which are defined by
the peak temperature of the thermal cycles experienced during welding: coarsegrained HAZ (CGHAZ), fine-grained HAZ (FGHAZ), intercritical HAZ
(ICHAZ), and subcritical HAZ (SCHAZ). The microstructure and the resulting
properties of these separate regions pertain to the specific peak temperatures
experienced during the thermal cycle. An example of weld thermal cycles
experienced in the various HAZ regions is shown in Figure 46. These particular
thermal cycles are characteristics of a 1” (25.4 mm) carbon steel plate (ASTM
A516-70) with an energy input of 50 KJ/inch (no preheat). A 50 KJ/inch energy
input is typical of the shielded metal arc welding (SMAW) conditions used for
carbon steels. The microstructure in the various HAZ regions depends on the
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weld thermal cycle and the peak temperature with respect to the critical
transformation temperatures (Ac1 and Ac3 ). Microstructures for each of the HAZ
regions are embedded in Figure 46 with reference to their thermal cycles. Since,
welding is a non-equilibrium process, the critical transformation temperatures
will depend on thermal cycle heating rates. The thermal cycle heating rates
during welding are rapid and thus on-heating transformation temperatures will
be higher than the equilibrium transformation temperatures. Since, the region of
interest in this investigation is the SCHAZ, we have only considered the
identification of the lower critical transformation temperature (Ac1 ) in this
discussion. The CGHAZ, FGHAZ, ICHAZ, and SCHAZ thermal cycles
presented (Figure 46) exhibit different average heating rates of 550F°/sec,
400F°/sec, 270F°/sec, and 160F°/sec, and also different cooling rates of 180F°/sec,
125F°/sec, 90F°/sec, and 75F°/sec, respectively. The average heating/cooling rates
for the CGHAZ, FGHAZ and ICHAZ were obtained from their calculated
thermal cycles pertaining to the temperatures of the lower critical and upper
critical transformation temperatures (Ac1 and Ac3 ). The average heating/cooling
rates for the SCHAZ region were obtained over the temperature range of 932°F
(500°C) to 1292°F (700°C). The on-heating lower critical transformation

115

temperature (Ac1 ) for the CGHAZ region (heating rate of 550F°/sec) was
determined using Gleeble dilatometry and was found to be 1410°F (766°C).
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Figure 46. Weld thermal cycles and the resulting microstructures of the various HAZ regions for a typical
carbon steel (ASTM A516-70) experiencing a weld energy input 50 KJ/inch (1” plate, no preheat).
Thermal cycles for times 0-24 seconds shown in the inset plot illustrates the difference in
heating/cooling rates for various HAZ regions.
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The equilibrium transformation temperature (Ae1 ) with a slow heating
rate for the same base metal was determined to be 1333°F (723°C). Thus, to
simulate the microstructure of the primarily graphitized region (SCHAZ), it is
imperative to know the exact lower critical transformation temperature upon
heating (Ac1 ) based on the heating rate pertaining to the thermal cycle in the
SCHAZ.
5.1.4.1 Simulation of SCHAZ Microstructure using the Gleeble
The most readily graphitized region is approximately 2.5-3.0 mm away
from the fusion line and pertains to a heating rate of 160F°/sec (Energy Input =
50 KJ/inch, 1” plate, no preheat). A thermal cycle simulation was performed,
using the Gleeble for a peak temperature above the lower critical transformation
temperature of 1425°F (774°C) with an energy input of 50 KJ/inch (1” plate, no
preheat). Dilatometry was used during the thermal cycle simulation to define
the lower critical transformation temperature by characterizing dilation. The
effective lower critical transformation temperature (Ac1 ) was determined to be
1384°F (751°C) (as shown in Figure 47). As previously stated, the general
consensus in the literature regarding the peak temperature of the most readily
graphitized region is either that the peak temperature is above the Ac1 or it is
below Ac1 .
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Figure 47. Dilatometry curve showing on-heating (Ac1 ) and on-cooling (Ar1 )
transformation temperatures for the heat-affected zone peak
temperature cycle of 1425°F (774°C) and an energy input of 50
KJ/inch (1” plate, no preheat). Note that the lower critical
transformation temperature Ac1 is 1384°F (751°C).
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To clarify this mixed-view, a microstructural simulation for a peak
temperature just above (1425°F/774°C) and just below (1380°F/749°C) the Ac1
temperature (1384°F/751°C) was performed. Figure 48 shows the respective
thermal cycles used for microstructural simulation. Note that these thermal
cycles are virtually identical with regards to the heating/cooling rates and the
only difference is the peak temperature. Dilatometry was used during each of
these thermal simulations. Figure 49 shows dilatation curves for a peak
temperatures of 1380°F (749°C) and 1425°F (774°C). The dilatation curve for
1380°F (749°C) does not show any indication of transformation, however a
1425°F (774°C) peak temperature shows evidence of transformation. Thus, the
upper temperature limit of the primary, most readily graphitized region
(SCHAZ), corresponds to peak temperatures below the lower critical
transformation temperature (Ac1 ) of 1384°F (751°C). Therefore, a simulation
temperature of 1380°F (749°C) was utilized in this study to evaluate the potential
for graphitization in the SCHAZ region.
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Figure 48. Weld thermal cycles for a peak temperature of 1425°F (774°C) and
1380°F (749°C). These temperatures were selected to simulate the
microstructure above and just below the effective lower critical
transformation temperature (Ac1 = 1384°F/751°C). Ac1 position is
indicated by the green line. Note that these thermal cycles are
identical with regards to heating/cooling rates and the only difference
is the peak temperature.
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Figure 49. Dilatation curves for thermal cycles simulated at
peak temperatures 1380°F and 1425°F. Note: No
evidence of transformation was observed for a
1380°F peak temperature.

122

5.1.4.2 Metallographic Examination of the Gleeble Simulated Samples
Metallographic examination was conducted on Gleeble simulated samples
for peak temperatures of 1380°F (749°C) and 1425°F (774°C). Figure 50 shows
comparative optical micrographs prior to simulation and after the simulation
both below (1380°F/749°C) and above (1425°F/774°C) the Ac1 temperature. The
optical micrographs clearly depict evidence of partial transformation in the
sample simulated at a peak temperature of 1425°F (774°C). However, there is no
optically discernible difference in microstructure between the sample prior to
simulation and the sample simulated at a peak temperature of 1380°F (749°C).
The base metal region adjacent to the primary graphitized region just outside of
the visible HAZ also showed no discernible difference as compared with base
metal remote from the HAZ. Thus, the region of maximum graphitization
corresponds to a temperature just below the effective lower critical
transformation temperature (Ac1 ). The results of the microstructural
observations in both the service-exposed and the 1380°F (749°C) simulated
samples together with the findings from the literature survey were used to
propose a hypothesis for the mechanism of increased amount of graphitization
occurring just outside of the optically visible HAZ (below 1384°F/751°C in the
current case).
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Figure 50. Comparative optical micrographs at 60X and 300X, A) Equilibrium
microstructure B) Simulated to a peak temperature of 1380°F, and C)
Simulated to a peak temperature of 1425°F.
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5.1.4.3 Hypothesis Related to the Increased Amount of Graphitization in the
SCHAZ
The subcritical heat-affected zone (SCHAZ) region is exposed to peak
temperatures below the lower critical transformation temperature (Ac1 ) of 1384°F
(751°C). The HAZ region simulated at a peak temperature of 1380°F (749°C) did
not show any optically discernible microstructural difference when compared to
the base metal prior to simulation (see Figure 50). When the hypoeutectoid steel
used in this program is heated to a temperature of 1380°F (749°C) during
welding, the solubility of carbon in alpha-ferrite reaches its maximum solubility
(~0.025 wt.% C). The solubility of carbon in alpha-ferrite at room temperature is
~0.002 wt.%. This is shown by the solvus line (for alpha-ferrite) on the Ironcarbide (Fe- Fe3 C) diagram in Figure 51. Note that this phase diagram is not
drawn to scale in order to accentuate the alpha-ferrite region for improved
interpretation. The change in solubility of carbon in alpha-ferrite between a peak
SCHAZ temperature of 1380°F (749°C) and room temperature is approximately
90 percent. For complete understanding on mechanisms behind the increased
amount of graphitization in the SCHAZ, it is important to study the
microstructural and compositional changes before, during, and after welding.
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Figure 51. Schematic of Fe- Fe3 C diagram re-drawn to show the solubility
difference of carbon in alpha-ferrite as a function of temperature.
This phase diagram is not drawn to scale to accentuate the
alpha-ferrite region.
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The microstructural changes in the SCHAZ can be described in four parts
with respect to the thermal history and compositional viewpoints.
1. Step I: Prior to welding (Hypoeutectoid steel at ambient temperature)
2. Step II: During welding (Hypoeutectoid steel is heated to a temperature at or
just below its Ac1 )
3. Step III: During cooling (Hypoeutectoid steel is cooled to ambient
temperature)
4. Step IV: Hypoeutectoid steel component is placed in service at elevated
temperature below the Ac1 temperature (e.g. 800°F/427°C)
Step I: Prior to welding (Hypoeutectoid steel at an ambient temperature)
Typical microstructure in the SCHAZ region consists of alpha-ferrite and
pearlite (ferrite + cementite). This is schematically shown in Figure 52 with the
ferrite-cementite (Fe-Fe3 C) interface between a pearlite colony and ferrite grain is
indicated.
Prior to the start of welding, the hypoeutectoid steel is at ambient
temperature (T1), as is indicated on the phase diagram in Figure 53. The
maximum solubility of carbon in ferrite at T1 is ~0.002 wt. % and cementite, an
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intermetallic compound, with 6.7 wt. % carbon. The carbon levels at the
ferrite-cementite interface for T1 are shown in the concentration profile. The
original ferrite-cementite interface position prior to welding is indicated by a
dashed line and the ferrite is at a composition of ~0.002 wt. % carbon
Step II: During welding (Hypoeutectoid steel is heated to a temperature at or
just below Ac1 )
During welding, the SCHAZ region is heated to a temperature at or just
below the Ac1 temperature. The solubility limit of carbon in ferrite increases
with an increase in temperature and reaches its maximum solubility limit at the
Ac1 temperature (increases from ~0.002 wt.% to ~0.025 wt. %). The composition
limit of carbon in cementite however remains the same at 6.7 wt.%. Because of
the increased solubility of carbon in ferrite and the carbon concentration
difference between alpha-ferrite and cementite, some of the cementite must
decompose and the carbon diffuses into ferrite. This increases the ferrite carbon
concentration and develops a carbon gradient in the ferrite. This postulated
concentration gradient at the peak temperature of 1380°F/749°C [just below the
Ac1 temperature at T2] is shown in Figure 54. It is assumed that the
ferrite-cementite interface remains in a localized equilibrium condition (within a
few atomic distances from the interface), and the carbon concentration in the
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ferrite proceeds towards ~0.025 wt. % C. The ferrite away from the ferritecementite interface develops a carbon concentration gradient by diffusion. It is
axiomatic that the increase in solubility of carbon also results in dissolution of a
portion of the cementite and thus the thickness of cementite platelets is reduced.
This is schematically shown in Figure 54. Dashed lines show the original ferritecementite interface, and black arrows illustrate the direction of interface
movement and red arrows indicate the direction of carbon diffusion from
cementite toward the ferrite maximum solubility.
Step III: During cooling to an ambient temperature after welding
When the steel is cooled to ambient temperature (T1) after welding from
temperature (T2) (1380°F/749°C), just below Ac1 , the alpha-ferrite follows the
decreasing the solubility limit (solvus) of carbon in ferrite from ~0.025 wt. % C
toward the solubility limit of ~0.002 wt. % C at T1. Since, welding thermal cycles
involve rapid cooling (75F°/sec), the time interval to reach ambient temperature
does not permit all of the carbon in ferrite at T2 to completely level the
concentration gradient and concomitantly re-form cementite. Soluble carbon
from the region immediately adjacent to the ferrite-cementite interface reacts to
form cementite. Ferrite reaches a local equilibrium (within a few atomic distances
from the ferrite-cementite interface) with a carbon concentration of 0.002 wt.%.
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However, with decreasing diffusivity of carbon with temperature/time, some
excess carbon is retained in the alpha-ferrite resulting in a supersaturated
solution of carbon in alpha-ferrite. The carbon concentration in alpha-ferrite
shows a decreasing gradient away from the ferrite-cementite interface as
depicted as a double gradient in Figure 55. Because of the reduced solubility of
carbon at ambient temperature, excess carbon in the ferrite is either rejected as
graphite nuclei or forms cementite particles. This is schematically depicted in the
microstructural illustration in Figure 55. The thickness of cementite platelets
re-grow (increase) and the repositioned ferrite-cementite interface is shown in
Figure 55. Comparative SEM micrographs at 50KX, 100KX and 200KX prior to
simulation and after the 1380°F (749°C) weld thermal cycle simulation, reveals
evidence of precipitation of nanoscale particulates (20-50 nm) of excess carbon in
the form of graphite and/or cementite.
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Figure 52. Schematic illustration of a typical microstructure in hypoeutectoid steel, consisting of
microconstituents ferrite and pearlite.
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Figure 53. Step I – Hypoeutectoid steel at ambient temperature (T1 ) prior to welding. Schematic
illustration of a typical hypoeutectoid steel microstructure with ferrite (white) and cementite
(black).
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Figure 54. Step II – Hypoeutectoid steel is heated rapidly (~160F°/sec) during welding from ambient
temperature (T1 ) to a temperature below the lower critical transformation temperature Ac1
(T2 ).
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Figure 55. Step III – Hypoeutectoid steel is rapidly cooled (~75F°/sec) from a temperature below the
lower critical transformation temperature Ac1 (T2 ) to ambient temperature (T1 ) after
welding.
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Figure 56. Comparative SEM micrographs prior to simulation (equilibrium microstructure, left) and
subsequent to the simulation of 1380°F (749°C) peak temperature.
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Step IV: When the welded hypoeutectoid steel component is placed in
longtime service at ~800°F/427°C
When the hypoeutectoid steel component is placed in service at a typical
steam service temperature of 800°F (427°C), the solubility limit for carbon in
ferrite increases to ~0.008 wt. % C from the room temperature limit of
~0.002 wt. % C. Cementite is metastable and when provided with sufficient
energy to overcome the thermal activation barrier, decomposes to form ferrite
and graphite. The nanoscale particulates precipitated as described above act as
nuclei for graphite formation and subsequent growth.
Fe3 C à 3Fe + C (graphite)
In addition, because of the increased solubility of carbon in ferrite and the
metastable nature of cementite, carbon from Fe3 C diffuses into the alpha-ferrite
and enhances graphite growth. The dissolution of cementite reduces cementite
platelet thickness. The carbon atoms diffuse and form on the already nucleated
graphite at the ferrite-cementite interface or in the alpha-ferrite. This is
schematically shown in Figure 57. Dashed lines show original ferrite-cementite
interface, black arrows illustrate the direction of interface movement and red
arrows indicate the direction of carbon diffusion. Figure 58 (50KX and 100KX)
and Figure 59 (100KX) shows microstructural evidence of graphite nucleation
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along ferrite-cementite interfaces, after 500 hours of exposure at 1000°F (538°C).
The temperature of 1000°F (538°C) is higher than a typical operating temperature
of the steel components under investigation 800°F (427°C) but it was selected to
accelerate the graphitization reaction rate during aging studies (diffusivity of
carbon increases with temperature and no phase transformation occur between
800°F and 1000°F).
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Figure 57. Step IV – Welded hypoeutectoid steel component is heated from ambient temperature (T1 ) to a
typical service temperature (T3 ) of ~800°F/427°C.
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Figure 58. SEM micrographs showing evidence of graphitization at
ferrite-cementite (Fe-Fe3 C) interface. Graphitization was
observed after 500 hours of exposure at 1000°F (538°C).
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Figure 59. SEM micrograph showing evidence of graphitization at
ferrite-cementite (Fe-Fe3 C) interface. Graphitization was observed
after 500 hours of exposure at 1000°F (538°C).
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Secondary Influence of Aluminum and Silicon on Increased Graphitization in
SCHAZ
Aluminum and silicon are probably the most discussed element with
regards to graphitization in carbon steels 9, 11, 12, 16-18, 45-51. Aluminum is primarily
added as a deoxidizing element along with silicon during the steel making
process to minimize porosity. With regards to graphitization, it is considered
significant that, when steels are to be operated in an elevated temperature range,
de-oxidation practice (primarily aluminum) has a significant influence on
occurrence of graphitization. However, there has been no significant explanation
in the literature on why aluminum de-oxidized steels graphitize more easily than
those steels without aluminum are only anecdotal considerations. This has
influenced how researchers perceive graphitization to date. An influence of
aluminum or silicon on the occurrence of graphitization is offered below (for a
detailed discussion see section 5.1.3).
Rather than aluminum or silicon acting as a nucleation agent for graphite
nuclei, we believe that aluminum/silicon act to accelerate in the rate of
graphitization by influencing carbide stability and carbon solubility.
Aluminum/silicon partition to ferrite during the transformation of austenite to
pearlite and this results in a decrease in the solubility limit of carbon in ferrite.
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The decreased solubility of carbon in ferrite results in an increase of carbon
activity thus increasing the tendency for carbon to precipitate as graphite.
The increased amount of graphitization in the SCHAZ region may be
exacerbated by the segregation of both aluminum and silicon from the adjacent
intercritical heat-affected zone (ICHAZ) region during welding. Aluminum and
silicon have higher solubility in austenite (γ) compared to ferrite (α). Figure 60
shows the Fe-Al binary phase diagram and Figure 61 shows Fe-Si binary phase
diagram. The pertinent regions of the Fe-Al and Fe-Si phase diagrams is
enlarged in the inset to accentuate the difference in solubility of
aluminum/silicon in austenite (γ), austenite + ferrite (γ + α) and ferrite (α)92. The
solubility of aluminum in austenite is 0.35 wt.% and in the austenite + ferrite (γ +
α) region is 0.62 wt.% and 18 wt.% in ferrite (α) at a temperature of 1832°F
(1000°C). Silicon has a one order of magnitude higher solubility in ferrite than in
austenite. Thus, aluminum or silicon, primarily from the ICHAZ region (which
partially transforms to austenite) diffuses towards the SCHAZ region. The major
driving force behind the diffusion of aluminum/silicon is the solubility
differential of aluminum/silicon in ferrite versus austenite. Any aluminum or
silicon which diffuses from the ICHAZ to the SCHAZ will most likely segregate
to grain boundaries upon cooling.
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Figure 60. Iron-Aluminum (Fe-Al) binary phase diagram (left), Portion of
(Fe-Al) phase diagram emphasizing the region showing the
difference of solubility of aluminum between austenite and ferrite
(right) 92.
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Figure 61. Iron-Silicon (Fe-Si) binary phase diagram (left), Portion of (Fe-Si)
phase diagram emphasizing the region showing the difference of
solubility of silicon between austenite and ferrite (right) 92.
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When the welded components are placed in service at elevated
temperatures, these aluminum/silicon rich boundaries may influence the stability
of Fe3 C and result an increase in graphitization in the SCHAZ region. However,
because of the low diffusivity of aluminum and silicon in iron, it is difficult to
conclusively state the true role of these elements, when present, on the increased
amount of graphitization in the SCHAZ.
We have made multiple attempts to measure segregation of aluminum or
silicon in the SCHAZ regions during welding using energy dispersive
spectroscopy (EDS). However, because of the low levels of aluminum and
silicon present in the steel in this investigation, conclusive evidence on
enrichment of aluminum/silicon in the SCHAZ was not acquired and thus the
influence of aluminum/silicon on graphitization is of a hypothetical nature,
which if accurate, answers the earlier claims of investigators who espoused the
role of aluminum as critical key for graphitization. However, the work herein
indicates that the aluminum and silicon affect is ancillary with regard to the
graphitization in the SCHAZ in carbon steel.
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5.2

In Situ Inspection for Graphitization
Graphitization has been a continued industry concern with regards to in

service detectability to prevent shutdown during the operation for inspection. A
protocol to evaluate graphitized steel components using both non-destructive
(ultrasonic) and destructive (core sample) extraction was studied. Ultrasonic
inspection studies were performed with an assistance of Level III - NDE
technician from Team Industrial Services Inc. Examination of graphitized
components was performed by studying the efficacy of core samples extraction
for evaluation of graphitization in service. Core sample extraction was
accomplished using Weldcore® Technology with an assistance of Nelson
Mandela Metropolitan University (NMMU), South Africa. Repair weldability of
the core extraction site was also performed with an assistance of NMMU.

5.2.1 Ultrasonic Inspection
Ultrasonic examination to evaluate the detectability of the presence and
extent of graphitization was performed using modern state-of-the-art techniques.
The major objective of NDE (non-destructive examination) studies was to
enhance ultrasonic inspection capabilities for detection of graphitized materials.
Linear phased array, focused phased array, and annular phased array were all
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utilized to examine the graphitized components. The results reported herein
only contain the results using focused phased array technique, called “Variable
Focus Matrix Phased Array” which showed the most improved detectability of
graphitization. This study was performed with the assistance of a Level III NDE technician from Team Industrial Services Inc. Two circumferential welds
(CW-A and CW-B) were selected based on the prior metallographic examination
results. A summary of the metallographic examination results are provided
herein:
Metallographic Examination Summary of CW-A:
Circumferential weld A (CW-A) consists of base metals A1 and A2, and
graphitization was observed on both A1 and A2 base metals. Graphitization was
not observed in the weld deposit. Both base metals exhibited similar extent of
graphitization. The maximum extent of graphitization was observed in the
region along the plate mid-wall just outside of the optically visible HAZ for both
A1 and A2 base metals. A reduced extent (isolated/scattered) of graphitization
was observed in the base metal remote from the HAZ. Although the overall
extent of graphitization was similar in the A1 and A2 base metals, graphitization
in the A1 base metal was oriented parallel to the plate rolling direction as
compared to the A2 base metal which exhibited nodules parallel to the weld
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fusion line. Figure 62 shows optical micrographs exhibiting graphitization
observed in base metals A1 and A2.
Metallographic Examination Summary of CW-B:
Circumferential weld B (CW-B) consists of base metals B1 and B2.
Graphitization was observed only in the B1 base metal. Similarly, to CW-A, the
maximum extent of graphitization was observed in the base metal just outside of
the optically visible HAZ. Isolated/scattered graphitization was observed away
from the HAZ and was to a reduced extent when compared to the base metal
adjacent to the HAZ. Graphite nodules were oriented parallel to the plate rolling
direction in the B1 base metal. Graphitization was not observed at any locations
in the B2 side (base metal, HAZ and the weld deposit). The ultrasonic inspection
of the B2 base metal was used for comparison purposes and thus was used to
obtain a typical ultrasonic response of non-graphitized material exposed in the
same service-environment for a similar extent of time.
Summary of Ultrasonic Inspection Results:
Ultrasonic inspection was performed on both CW-A and CW-B using a
focused phased array technique with both 5 and 10 MHz probes. The major
ultrasonic indications were observed just outside of the visible HAZ (location of
maximum graphitization). However, the intensity of the indications was too
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Figure 62. Optical micrographs (50X) from CW-A weldment showing the
extent and orientation of graphitization on A1 and A2 base
metals.
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weak to conclusively determine if they were a result of the presence of graphite
nodules. Thus, a comparative approach was devised to evaluate the ultrasonic
reflection response between the base metal regions adjacent to the HAZ
(maximum graphitized region) and the base metal regions away from the HAZ
(reduced graphitization regions). Figure 63 shows the ultrasonic scans using a 10
MHz focused phased array probe showing S-scan, A-scan, B-scan, and C-scan on
the CW-B B2 base metal. No relevant indications were detected, which is in
agreement with the metallographic examination results. Figure 64 shows the
ultrasonic examination results with a 10 MHz focused phased array probe on
CW-B B1 base metal. Heavy reflections oriented in the laminar-type (flat)
direction was detected. The major reflections were observed adjacent to the weld
and the degree of ultrasonic response reduced further away from the weld.
Figure 65 shows ultrasonic examination results using a 10 MHz focused phased
array probe on CW-A A1 base metal. The indications appear to be strongest in
the close proximity of the weld and the intensity decreases but stays relatively
consistent further away from the weld deposit. The indications were laminartype, i.e. oriented parallel to the plate rolling direction (this is similar to graphite
orientation shown in the metallographic examination results). Figure 66 shows
the ultrasonic examination
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Figure 63. Ultrasonic examination of CW-B, B2 base metal. Red dashed box shows area
used for ultrasonic scan. No indications were observed remote from the
fusion line.
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Figure 64. Ultrasonic examination of CW-B, B1 base metal. Red dashed box shows area
used for ultrasonic scan. The major UT reflections were observed adjacent to
the fusion line and the intensity decreases remote from the fusion line.
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Figure 65. Ultrasonic examination of CW-A, A1 base metal. Red dashed box shows area
used for ultrasonic scan. The major UT reflections were observed adjacent to
the fusion line and the intensity decreases remote from the fusion line.
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Figure 66. Ultrasonic examination of CW-A, A2 base metal. Red dashed box shows area
used for ultrasonic scan. The major UT reflections were observed adjacent to
the fusion line and the intensity decreases remote from the fusion line.
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results using a 10 MHz focused phased array probe on CW-A A2 base metal.
The ultrasonic indications appear with high intensity adjacent to the weld and
the amplitude drops off significantly further away. The indications were
oriented 45 degrees to the plate rolling direction (see sector scan in Figure 66).
The orientation of indications agreed to metallographic examination results
shown in Figure 62.
The inspection results showed a clear difference in the ultrasonic response
between graphitized regions versus non-graphitized regions during examination
of CW-A and CW-B weldments. The improvement in the detectability of the
presence of graphite was observed with the latest transducers using Variable
Focus Matrix Phased Array. The varying extent of the ultrasonic responses are
difficult to ascribe to the occurrence of graphitization at this time; however,
progress has been made for ultrasonic examination of graphitized components.
This comparative method provides information whether the component requires
further evaluation using metallographic examination. Further studies with
improved ultrasonic inspection techniques should however must be carried out
to clarify responses for the evaluation of graphitized components.
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5.2.2 Weldcore® Technology
Two carbon steel circumferential welds designated CW-A and CW-B,
which were selected for the ultrasonic inspection studies were also subjected to
the core extraction and repair welding studies using Weldcore® Technology.
CW-A and CW-B were selected based on their metallographic examination
results, as these two weldments exhibited the most extensive graphitization
compared to the other materials examined. CW-A consisted of base metals A1
and A2, and CW-B consisted of base metals B1 and B2. Graphitization was
observed on both A1 and A2 base metals. CW-B showed graphitization only on
the B1 base metal. Graphitization was not observed in any locations of B2 base
metal. The maximum extent of graphitization (planar morphology) was
observed in the base metal just outside of the optically visible HAZ for both
weldments at the location which was exposed to peak temperatures just below
the lower critical transformation temperature (Ac1 ) during welding. The Ac1
temperature this region (SCHAZ) was determined to be 1384°F (751°C). Because
of the severity of graphitization observed in the base metal region just outside of
the optically visible HAZ, this region was selected for core extraction and repair
welding studies using friction tapered hydro pillar processing (FTHPP). Figure
67 shows optical macrographs with core extraction locations outlined by red
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dashed lines. The core extraction locations were selected such that the core
samples include a portion of base metal from the plate mid-wall region, which
exhibited maximum extent of graphitization and also the regions from the weld
deposit and HAZ. This methodology allowed in-situ extraction of specimen
which could be utilized for metallurgical characterization and mechanical testing
without having to section the entire component.
Metallurgical Examination of Extracted Cores
The extracted core samples were 0.31” (8 mm) in diameter and contained
approximately ½ of the component wall thickness. Metallurgical examination of
the extracted core samples was performed to determine if the in situ core
extraction process would be a representative of extent of graphitization present
in these components. Figure 68-a shows a photograph of the extracted core
sample and Figure 68-b shows the cross-sectional macrograph of the core sample.
The macrograph shows that the extracted core sample consisted of regions
containing the weld deposit, heat-affected zone (HAZ), and the base metal.
Optical microscopic examination of the core sample showed the maximum extent
of graphitization was present in the base metal just outside of the visible HAZ
(Figure 68-c) and random/isolated type graphitization was observed in the base
metal remote from the HAZ (Figure 68-d).
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Figure 67. Core extraction procedure, a) Location showing the most graphitization susceptible region
which was selected for core extraction to examine extent of graphitization in the component,
and b) Dashed red boxes in the macrograph shows approximate core extraction location on
CW-B circumferential weldment.
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Figure 68. Metallographic examination of the core sample extracted from CW-B.
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Graphitization was not observed in the weld deposit or the HAZ. These
metallurgical examination results are comparable to what was previously
observed in examination of full-wall cross-sectional metallurgical specimens.
Thus, core extraction appears to be a viable approach for in situ evaluation of
graphitized components.
Repair-Welding
Figure 69 shows a photograph of the core and the core extraction site prior
to the repair welding. The core removal sites were subsequently repaired by
friction tapered hydro pillar processing (FTHPP) using ASTM A516-70 carbon
steel plug material. Figure 70 shows a photograph of a completed typical FTHPP
weld prior to sectioning the excess plug (consumable) material. Evidence of flash
formation as a result of plastic flow and upsetting force was observed (see Figure
70 indicated by a red arrow). Figure 71 shows the position of the plug material
with respect to the original girth weld. Figure 72 shows the macrograph of the
completed FTHPP weld prior to sectioning the excess plug material and FTHPP
weld macroscopically showed 100% bonding with no defects along the interface.
Plastic flow and evidence of flash formation is evident on the top surface, result
of forging force during the last stage.
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Figure 69. Photograph showing the extracted core and core extraction
site prior to finishing for repair welding.
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Figure 70. Photograph showing the completed FTHPP weld prior to
sectioning the excess plug material. Red arrow shows flash
formation of the consumable tool as a result of plastic
deformation.
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Figure 71. Cross-sectional view of the completed FTHPP weld showing
the position of the consumable (Plug Material) with respect to
the fusion line, 10% Nital etch.
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Figure 72. Macrograph showing completed FTHPP weld, 10% Nital
etch.
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Eight welds were prepared on the CW-A weld and four welds were
prepared on CW-B weld. FTHPP welding parameters (consumable type,
downward force, rotational speed, forging force, etc.) was kept constant in for all
twelve welds. Figure 22 shows the process parameters used in all the twelve
FTHPP welds. One of the welds from CW-B was utilized for thermal cycle
acquisition during FTHPP welding. The results from the friction welding studies
of CW-A and CW-B welds are discussed below.
CW-A – FTHPP Weld
Microstructural Assessment
A total of eight FTHPP welds were prepared on the CW-A weldment for
microstructural evaluation, mechanical properties determination, and heattreatment studies. A total of four welds were prepared on A1 base metal and
four were prepared on A2 base metal. Six FTHPP welds were utilized for creep
studies. Figure 73 shows a cross-sectional macrograph of the FTHPP plug welds
on the CW-A weldment. The macrograph showed 100% bonding along the
interface (bond line) for both base metals and original CW-A arc weld. Figure 74
shows optical panorama of the plug weld showing evidence of plastic flow and
100% bonding along the friction weld interface.
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Figure 73. Cross-sectional macrograph showing the friction weld repaired plugs on the CW-A arc weld, 2%
Nital etch.
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Figure 74. Panorama of the FTHPP weld showing evidence of dusting around graphite nodules adjacent to
the interface.
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The friction weld HAZ showed a dark appearing region when examined
optically appears as “dusting”, which was a result of diffusion of carbon from
graphite nodules to adjacent areas, resulting in a carbon rich region in the
immediate vicinity of graphite nodules. Figure 75 and Figure 76 show a
panorama of the friction weld HAZ exhibiting preferential dark-etching regions
in the areas immediately adjacent to pre-existing graphite nodules in the FTHPP
weld HAZ. The previously graphitized regions remote from the friction weld
HAZ do not show any evidence of dusting. SEM was used for further
understanding of the microstructure that was observed in the friction weld HAZ.
The optical and SEM micrographs show the formation of complex
microconstituents, as a result of partial melting of the carbon-enriched austenitic
region surrounding the graphite nodules. This carbon-enriched austenitic region
adjacent to the graphite nodule partially melted which upon cooling transformed
to Ledeburite (austenite and cementite). The final microstructure of the “dusted”
region consists of pearlite (lamellar structure) and proeutectoid cementite. The
plug weld HAZ of both A1 and A2 base metals showed similar microstructural
results. SEM micrographs from the friction weld HAZ showing complex high
carbon microconstituents are shown in Figure 77-80. The resulting increase of
hardness with formation of proeutectoid cementite is shown in Figure 81.
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Figure 75. Diffusion of carbon from graphite nodule resulted carbon rich region in immediate vicinity which
optically appear as carbon “dusting” in the friction weld HAZ. Graphite nodules remote from
the weld deposit did not exhibit any evidence of “dusting” appearance, 2% Nital etch.
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Figure 76. Diffusion of carbon from graphite nodule resulted carbon rich region in the immediate vicinity,
which optically appear as carbon “dusting” in the friction weld HAZ. Graphite nodules remote
from the interface did not exhibit “dusting” appearance, 2% Nital Etch.
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Figure 77. Partial melting adjacent to graphite nodule in
accordance to constitutional liquation, 2% Nital Etch.
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Figure 78. SEM Micrographs of the boxed region from Figure
77, showing formation of pro-eutectoid cementite
and pearlite (lamellar structure).
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Figure 79. Diffusion of carbon from pre-existing graphite
nodules resulting in dusted region, 2% Nital etch.
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Figure 80. SEM Micrographs of the boxed region from Figure
79, showing formation of pro-eutectoid cementite
(shown by red arrows) and pearlite (lamellar
structure).
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Figure 81. Hardness traverse (100 gf) across the dusted region (as shown in micrograph) showing peak
hardness of 650 HV. Average hardness outside the dusted region = 200 HV.
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CW-B – FTHPP Weld
Microstructural Assessment
A total of four FTHPP welds were prepared on CW-B weldment for
microstructural, mechanical properties, and heat-treatment studies. A total of
three welds were prepared on B1 base metal and one weld was prepared on B2
base metal. B2 base metal did not exhibit any evidence of graphitization, and
thus was utilized for comparative purposes. The CW-B FTHPP weld showed
100% bonding along the interface (bond line) for both base metals and original
CW-B arc weld.
Metallurgy of FTHPP HAZ Microstructure
During friction welding plug repair, the region adjacent to a graphitized
section of the carbon steel base metal behaves similarly to a nodular cast iron
because of the prior presence of the graphite nodules in the parent material.
These pre-existing graphite nodules adjacent to the interface between the plug
and the parent material are typically heated to peak temperatures ranging from
the lower critical transformation temperature (Ac1 ) to temperatures greater than
the eutectic temperature (2075°F) during FTHPP welding. The peak temperature
experienced by pre-existing graphite nodules depends on their distance from the
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interface between the plug weld and the parent material. As a result of this
thermal exposure, carbon from the graphite nodules begins to diffuse into the
adjacent austenite matrix (transformed from ferrite/pearlite when heated to
temperatures greater than Ac1 ). The diffusion of carbon away from graphite
nodules results in a carbon gradient in the adjacent austenite matrix. Since the
heating/cooling rates are rapid during friction welding, the time spent at an
elevated temperature is short and the carbon from the graphite nodules can only
diffuse a limited distance from the graphite-austenite interface. The diffusion of
carbon from a graphite nodule concomitantly results in a reduction of the size of
the graphite nodule. Upon cooling, the carbon rich regions adjacent to graphite
nodule precipitate as carbides termed as “dusting” or “dusted” in this document.
The “dusted” region surrounding a graphite nodule, resulting from carbon
diffusion during friction welding, has a radius on the order 200-500 µm around
the graphite core. The degree of “dusting” depends on the distance of the
graphite nodule from the weld interface (i.e. on the peak temperature reached by
a pre-existing graphite nodule), which will determine the resulting
microstructure/mechanical properties (strength and toughness) in these “dusted”
regions. FTHPP thermal cycle study was performed to determine the
time/temperature behavior during friction weld thermal cycle.
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5.3

Mechanical Testing

5.3.1 ASME Section IX Bend Test
ASME IX guided bend test was performed to examine the bend ductility
of the graphitized component and also the ductility of the friction repair welded
component. Bend sample was machined to evaluate the ductility of the most
graphitized region (base metal region just outside of the HAZ). CW-A weldment
which exhibited the highest extent of graphitization was selected for bend
testing. Bend specimen showed embrittling nature of the graphitized region,
however the graphitization extent of 1 volume percent did not appear affect the
bend ductility of the weldment which was fully ductile in all regions with 20%
outer-fiber strain (plastic flow). The opening along the graphitized region just
outside of the visible HAZ in the base metal was observed, however was less
than 1/8” (3 mm).
ASME-IX guided side bend test was also performed on two specimens
(3/8”-wide) prepared on CW-B friction weld. One bend specimen consisted of
the weld prepared on the graphitized side and the second specimen consisted on
the non-graphitized side. Bend specimens were extracted such that the center of
the specimen is located at the center of the friction plug weld. The friction weld
was fully ductile in all regions (plug material, HAZ, and bond line) with 20%
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outer-fiber strain (plastic flow). A discontinuity (tear) was observed along the
bond line (interface) at the bottom of the friction weld, however the width of the
discontinuity observed is within the maximum allowed 1/8” (3 mm) per ASME
Section IX acceptance criteria93.

5.3.2 Creep Testing
An extensive creep study was performed on all the materials
(service-exposed and friction weld repaired) received for the current study. A
total of 30 specimens were tested for a period of more than a year. Creep testing
was performed using the protocols shown in Figure 23. Creep data was utilized
to obtain the steady state creep rates for different temperature and stress
combinations. All the creep data available in literature with regards to
graphitization were performed at temperatures greater than 1000°F, which is
rather higher than the typical operating temperatures of the materials susceptible
to graphitization. Creep testing was performed at temperature ranges of
850°F-950°F and at stresses of 4.4 ksi-10 ksi. Creep data was normalized to a
typical operating temperature of 800°F and 10 ksi to obtain steady state creep
rates for the graphitized materials.
Figure 82 shows a creep curve used in the current study for the
circumferential weld CW-A. Stress and temperatures were periodically varied to
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obtain steady state creep rates for various temperature (850°F-950°F) and stress
combinations (4.4 ksi – 10 ksi). Table accompanying the Figure 82 provides
steady state creep rate for different temperature stress combinations. Creep
curves were normalized to the typical operating temperature of power plant for
carbon steel component of 800°F. The time-temperature extrapolation was
performed using Larson-Miller Parameter (LMP), with constant of 15.
Normalized creep curve is shown in Figure 81.
LMP = Temperature (logt +C)
where, T = Temperature (Kelvin or Rankine)
t = time (hours), C = Constant, 15 for Graphitized components

Similarly, creep data was obtained for each weldment subjected in this
study (CW-B, CW-C, LSW-A1, LSW-D, and LSW-E). The respective creep curves
at various temperatures and stress combination are shown are shown in
Appendix C. Three duplicate specimens were tested for each material. Creep
results showed no significant influence of graphitization on creep performance of
these weldments. The steady creep rates were derived for graphitized
weldments as a function of stress and temperature are shown in Table 10 and
Table 11.
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Figure 82. Creep curve for CW-A circumferential weld. Creep testing conditions
and steady sate creep rate provided in Table below.
Test Time
(hours)

Temperature
(°F)

Stress
(ksi)

Steady State Creep Rate
(%/hr x 10-4)

574

900

4.4

0.8

234

950

4.4

1.6

878

900

8

1.7

313

950

8

6.8

1419

950

10

9.6

2154

900

10

2.1

768

925

10

4.5

6955

850

10

0.4
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Figure 83. Normalized creep curve to obtain steady-state creep rate for a
typical operating temperature of 800°F for CW-A.
Normalization was performed using Larson Miller Parameter,
with constant of 15.

182

Table 10. Steady creep rate (%/hr x 10-4) for graphitized carbon steel samples tested at 10 ksi (68.9 MPa) stress as a function
of temperature.
Circumferential Welds
Temperature
(°F/°C)
CW-A
CW-B
CW-C
850°F (454°C)
-1.0
0.6
900°F (482°C)
2.1
4.1
1.8
925°F (496°C)
-10.8
4.8
950°F (510°C)
9.6
23.0
8.5
-- Sample was not tested at this condition

Longitudinal Seam Welds
LSW-A1
LSW-D
LSW-E
2.2
0.8
2.7
10.3
3.1
11.5
26.1
7.9
30.8
43.5
20.2
55.9

Friction Repair Weld
CW-A
1.6
7.4
30.6
--

Table 11. Steady creep rate (%/hr x 10-4) for graphitized carbon steel samples tested at a temperature of 900°F (482°C) as a
function of stress.
Base
Circumferential Welds
Temperature
Metal
(°F/°C)
CW-A
CW-B
CW-C
4.4 (27.6)
0.7
0.8
-0.4
8 (55.2)
2.6
1.7
--10 (68.9)
-2.1
4.1
1.8
-- Sample was not tested at this condition

Longitudinal Seam Welds
LSW-A1
LSW-D
LSW-E
------10.3
3.1
11.5

Friction Repair Weld
CW-A
--7.4
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Figure 84 shows the log-log plot of the effect of temperature on the steady
state creep rate for all the materials tested at 10 ksi. The creep rates increase with
the increase of temperature. However, the presence and different extent of
graphitization does not appear to have a significant influence in creep behavior.
CW-A was the most graphitized material received in this study thus an extensive
study was performed to examine the creep properties. A total of 14 specimens
were prepared from CW-A, 12 cross welds and 2 base metals specimens. Figure
85 shows the steady state creep rate as a function of temperature for different
stress conditions for CW-A. The steady state creep rate increased as a function of
temperature and stress.
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Figure 84. Steady creep rate for graphitized carbon steel samples tested
at 10 ksi (68.9 MPa) stress as a function of temperature.
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Figure 85. Steady creep rate for CW-A as a function of temperature for different
stresses.
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Metallurgical Examination of Creep Tested Friction Welded Specimens
Three “jumbo” specimens (designated as CW-A-FW-1, CW-A-FW-1, and
CW-A-FW-3) with a cross-sectional area of 1 in2 (645 mm2) consisting of two plug
welds and a circumferential weld were machined. A photograph showing both
the cross-sectional and the top-view of the cross-weld creep specimen prepared
from friction welded sample is shown in Figure 86. All three specimens were
machined to exact dimensions. Creep specimens were tested at different timetemperature combinations (as shown in Figure 87) so that steady-state creep rate
at different temperature can be obtained.
Metallographic Examination of Creep Samples (Service-Exposed)
Post creep test metallographic examination was performed on all the
samples to evaluate for creep damage. Samples were examined to characterize
the effects of pre-existing graphite on creep performance. Also, the effect of
creep tests (temperature and stress) on the morphology and extent of pre-existing
graphite nodules were examined.
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Figure 86. Photograph of a full-wall cross-weld creep specimen (CW-A-1), showing two friction weld
repaired plugs on either side of the girth weld, RA = 1%, 2% Nital Etch.
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Figure 87. Creep Curve (Top) for friction welded specimens from CW-A
and normalized creep curves (bottom) for friction welded
specimens at 800°F using LMP constant C= 15.
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5.4

Heat-Treatment Studies
Heat-treatment studies were performed for further understanding of the

graphitization morphology with regards to nucleation and growth theory.
Heat-treatment study was performed on the service-exposed material (removed
after 17 years in service at 800°F/427°C) to examine if there is a continued growth
of graphite nodules, friction repair welded components to study efficacy of
repair welding on elevated temperature exposure and non-graphitized carbon
and carbon-½molybdenum (C-½ Mo) steels to evaluate susceptibility for
graphitization.
1. Heat-treatment studies on service-exposed and friction-repaired materials
Aging studies were performed on various service-exposed (800°F/427°C
for 17 years) materials for evaluation of addition time on pre-existing graphite
nodules. Samples were subjected to multiple aging treatments and were
periodically examined. Temperatures for heat-treatment studies were selected
higher than the typical operating temperature to accelerate the reaction rate.
Metallographic examination of heat-treated samples did not exhibit any
influence of additional time at elevated temperatures on the extent and the
morphology of graphite. Figure 88 shows comparative the optical micrographs
before and after the heat-treatment. The additional heat-treatment on the
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Figure 88. Comparative optical micrographs in serviceexposed (17 years at 800°F) and additional heattreatment studies (900°F/567 hours + 950°F/168
hours). Heat-treatment is equivalent to ~11 years at a
typical service-temperature of 800°F.
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service-exposed material is approximately equivalent to 11 years at a typical
service-temperature of 800°F (427°C) determined using Larson-Miller Parameter
(C=15). As-discussed earlier in the creep examination section, the additional time
(equivalent to more than 100 years 800°F) at elevated temperatures (850-950°F)
along with stress (4.4 ksi-10 ksi) during creep testing, do not appear to influence
the extent or morphology of graphite nodules observed in service-exposed
materials. This suggest that the spheroidized pearlite, ferrite, and pearlite that
was observed in service-exposed materials have acquired close-to equilibrium
state. This is shown in comparative SEM micrographs in Figure 89, obtained in
CW-A weldment (after 17 years of service at 800°F). Prior pearlitic regions
adjacent to graphite nodules are completely spheroidized. Higher magnification
SEM micrographs at 50KX and 100KX is shown in Figure 90. Heat-treatment
performed on the samples extracted friction weld HAZ, showed nucleation of
“new” graphite nodules (~5-7 microns) in size. However, the “new” nodules
were only observed in the “dusted” region thus did influence the overall
integrity and the creep performance of the welded joint. Figure 91 shows
comparative SEM micrographs before and after creep testing, exhibiting increase
in volume fraction of new nodules in HAZ with time.

192

Figure 89. SEM micrographs on CW-A, A) Prior pearlitic region adjacent to graphite
nodule, B) Prior pearlitic region further away from graphite nodule.
Micrographs show that prior pearlitic region is completely spheroidized.
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Figure 90. SEM micrographs (50kx and 100kx) from location A in
Figure 89. Note that the prior pearlitic region is
completely spheroidized and carbon denuded.
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Figure 91. Comparative SEM micrographs before and after creep tests (different time) in
the “dusted” region in friction weld HAZ showing evidence of nucleation of
“new” graphite nodules.

195

2. Heat-treatment studies on non-graphitized C-½ Mo steels
Three non-graphitized C-½ Mo steel materials (Sample #1 0.014 wt.% Al,
Sample #2: 0.034 wt.% Al and Sample #3: 0.004 wt.% Al) with varying amount of
aluminum content was subjected to heat-treatment studies. Samples were
evaluated after 50, 100, 250, 500, 1000, 2000, and 3000 hours at 1000°F (538°C).
Comparative SEM micrographs at 25 KX after 0, 50, 100, and 250 hours are
shown in Figure 92. The first 250 hours at 1000°F (538°C) exhibited primarily
spheroidization behavior. The degree of spheroidization increased with time.
First evidence of graphite formation (~200 nm-500 nm in size) was observed after
250 hours at 1000°F (538°C) along the Fe-Fe3 C interface, as shown in Figure 93.
Graphite nodules showed rapid growth with time, comparative SEM
micrographs after 500, 1000, 2000, and 3000 are shown in Figure 94. Nucleation
of graphite nodules was observed to be interface controlled, and was commonly
observed along Fe-Fe3 C interface, grain boundaries or the matrix-inclusion
interface. Figure 95 provides an illustration of graphite nucleation and growth
along Fe-Fe3 C interface and along perlite-ferrite boundary. SEM micrograph of
Graphite nucleation and growth showed a typical sigmoidal type-behavior, as
shown in Figure 96. The overall transformation rate included initial incubation
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period, followed by rapid growth of graphite nodules, and eventual saturation
after acquiring an equilibrium state.
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Figure 92. Comparative SEM micrographs (25 KX) after 0, 50, 100, and 250 hours of
exposure at 1000°F (538°C).
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Figure 93. SEM micrograph showing evidence of graphitization along the ferritecementite interface (~500 nm) at 200 KX, observed after 250 hours at 1000°F
(538°C).
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Figure 94. Comparative SEM micrographs (25 KX) after 500, 1000, 2000, and 3000 hours
of exposure at 1000°F (538°C).
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Figure 95. SEM micrograph showing graphitization along Fe-Fe3C interface and along
pearlite-ferrite boundary.
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Figure 96. Average graphite nodule diameter as a function of time. The nodule
growth rate showed a typical Avrami type transformation, which
exhibited initial incubation period, which followed a rapid growth
stage and acquired an equilibrium state.
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Chapter 6 - Conclusions
Five ex-service carbon steel weldments were submitted after 17 years of
service at 800°F (427°C) for metallurgical characterization to evaluate the
presence of graphite and for remaining life assessment studies using creep
studies. Three C-½ Mo materials with no prior evidence of graphitization were
also utilized for heat treatment studies for further fundamental understanding.
Following conclusions were drawn from the examination of all the materials
evaluated with regards to the fundamental causes of graphitization and the
remaining life assessment studies.

6.1

General Conclusions:

1. Microstructure of base metal after 17 years of service at 800°F (427°C)
consisted of ferrite, spheroidized pearlite, and graphite. ASTM grain size
ranged from #5-8.
2. Graphitization was primarily observed just outside of the optically visible
HAZ in the base metal on the outer band which was exposed to a
temperature just below the lower critical transformation temperature
(AC1 ). These regions pertain to the subcritical heat affected zone
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(SCHAZ). Graphitization observed in the SCHAZ exhibited planar
morphology. A supporting hypothesis on the increased amount of
graphitization on the SCHAZ region is proposed in this study.
3. Graphitization in the base metal remote from the HAZ were
isolated/random and was observed to a lower extent compared to the base
metal region just outside of the visible HAZ.
4. Graphite nodules were primarily located along the middle-third of the
pipe wall. Graphitization was not observed in the weld deposit, which
was attributed to its low carbon content.
5. Quantitative metallography using both ASTM E562 manual point count
method and automated image analysis was performed to examine the
volume fraction of graphite. The maximum graphite volume fraction for a
through wall-region (1”-wall) in a 35 mm2 band of the most graphitized
material (CW-A) was only on the order of 1%. A through-wall volume
fraction of the graphite nodules remote from the HAZ was less than 0.5 %.
6. Metallographic examination showed a general agreement with regards to
the aluminum content. Materials with increased aluminum content
showed presence of graphitization. However, the maximum extent of
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graphitization was not observed in a sample with highest aluminum
content. The two weldments with the lowest aluminum content (< 0.05
wt.%) did not exhibit any evidence of graphitization.
7. Energy dispersive spectroscopy (EDS) examinations did not show any
evidence of aluminum or its oxide/nitride at or around graphite nodules
to indicate if aluminum had any role in nucleation of new graphite
nodules.
8. ASME IX Bend tests were performed to evaluate the bend ductility of the
most graphitized region. CW-A weldment which exhibited the highest
extent of graphitization was selected for bend testing. Bend specimen
showed embrittling nature of the graphitized region, however the
graphitization extent of 1 volume percent did not appear affect the bend
ductility of the weldment which was fully ductile in all regions with 20%
outer-fiber strain (plastic flow). The opening along the graphitized region
just outside of the visible HAZ in the base metal was less than 1/8” after
20% strain.
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6.2

In Situ Inspection Studies Conclusions:

1. In situ inspection studies were performed on graphitized components
using both non-destructive and destructive methods. Non-destructive
evaluation using modern state-of-the-art ultrasonic inspection was
performed with an assistance of level III NDE expert from Team Industrial
Services. Destructive evaluation, using core sample extraction (~1/2 –wall)
was performed with an assistance of Nelson Mandela Metropolitan
University (NMMU), South-Africa.
2. A new protocol for evaluating the presence/extent of graphite nodules
using ultrasonic methods was performed using “Variable Matrix Array”.
The ultrasonic inspection showed good progress with regards to the
detectability of the graphitized components using a comparison method.
3.

A core sample extraction performed using Weldcore technology was
studied.

4. Core sample showed good representation of a typically observed
graphitization in a through-wall cross-sectional metallurgical specimen.
5. Repair welding of the core extraction sites was performed using friction
tapered hydro pillar processing (FTHPP).
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6. All the twelve FTHPP friction plug welds showed 100% bonding along the
interface. ASME IX Bend specimen used to evaluate the friction weld
repaired joint showed material was fully ductile with 20% outer-fiber
strain (plastic flow). A defect/opening along the friction weld interface
was observed, however they were less than 1/8” (3 mm) for ASME weld
qualification.
7. Microstructure of the plug base metal was fully bainitic subsequent to
friction weld repair, suggesting the temperature of the plug was heated to
a temperature above upper critical transformation (Ac3 ) and followed by a
rapid cooling. Plug base metal prior to FTHPP welding consisted ferritic
and pearlitic microstructure. The average hardness of the plug base
metal increased to 192 HV (88 ksi) from 130 HV (62 ksi) subsequent to
FTHPP.
8. Microstructure of the plug weld HAZ (location of pre-existing graphite
nodules) showed presence of complex microstructural constituents
consisting of eutectic microstructures (Ledeburite and Cementite) as a
result of nodule resolution in accordance to constitutional liquation.
Nodule resolution resulted in carbon rich region adjacent to graphite
nodules, which optically appeared as “dusting”.
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9. Nucleation of graphite nodules (~1-2 µm diameter) was observed in the
friction weld HAZ (“dusted” region) subsequent to creep testing and
additional aging studies of the friction repair welded specimen. However,
nucleation of “new” graphite nodules did not appear to influence the
creep performance of the welded component.

6.3

Creep Studies Conclusions:

1. Total of 29 creep specimens which involved materials in both serviceexposed and friction weld repaired state were tested over a period longer
than one year.
2. Steady state creep rates for graphitized materials for temperatures ranging
(800-950˚F) and stresses (4.4 ksi-10 ksi) were generated.
3. Creep performance was not influenced by the presence of graphite. This
seems to suggest that 1 volume fraction of graphite did not appear to
influence the creep performance of these welded piping components.
4. Remaining life estimation was made on the graphitized components using
Larson-Miller Parameter, constant (C) of 15. Even the most graphitized
material showed a long remaining service life greater than 40 years.
5. Additional temperature/stress during the creep testing did not alter
morphology/extent of the prior presence of show any influence on the
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presence of graphite nodules, i.e. no changes in ex-service graphitization
morphology were ascribed to creep testing.
6. Creep damage (cavitation and micro-fissuring) was only observed in two
creep specimens; the damage was minor. However, creep damage
observed in these samples was not attributed to prior presence of graphite
nodules.
7. No creep related damage, cavities or fissures were observed during creep
studies in the friction weld repaired components to suggest any issues
with the longevity of the repair welded components.

6.4

Effect of Aluminum on Graphitization

1. In earlier investigations of the graphitized components, it has been
proposed that aluminum acts as a nucleating agent for graphite nodule
(either by forming aluminum oxide or nitride), but in the current study
evidence of aluminum oxide/nitride associated with nucleation of
graphite nodules was not observed.
2. Metallographic examination generally agreed with regards to the
aluminum increasing graphitization, i.e. increased aluminum content
resulted in graphitization. The two weldments with the lowest aluminum
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content (< 0.05 wt.%) did not exhibit any evidence of graphitization.
However, the maximum extent of graphitization was not observed in a
sample with highest aluminum content.
3. Thus, it is believed that aluminum acts a graphitizer rather by unstabilizing the carbides and by lowering solubility of carbon in iron rather
than acting as a nucleating agent. A supporting hypothesis on the
increased amount of graphitization with regards to the influence of
aluminum on graphitization has been proposed in this study.

6.5

Weld Related Graphitization

1. Graphitization was primarily observed just outside of the optically visible
HAZ in the base metal on the outer band which was exposed to a
temperature just below the lower critical transformation temperature
(Ac1 ). These regions pertain to the subcritical heat affected zone
(SCHAZ). Graphitization observed in the SCHAZ exhibited planar
morphology. A supporting hypothesis on the increased amount of
graphitization on the SCHAZ region was proposed in this study.
2. A hypothesis to support the increased amount of graphitization in
SCHAZ was proposed in the current study. The increased amount of
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graphitization was attributed to the carbon solubility differential between
in ferrite as a function of temperature when the material is heated to the
SCHAZ temperature.
3. The peak temperature with regards to the outer band of the HAZ, where
graphitization is mostly observed was determined using dilatometry and
post metallographic examination. The peak temperature was found to be
just below the effective lower critical transformation temperature.
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Appendix
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Appendix-A - Tables for Thermodynamic Calculations

221

Figure A- 1 Thermodynamic functions for iron29, 30

222

Figure A- 2 Enthalpy and free-energy functions for cementite
and graphite29, 30.

223

Appendix B - Metallographic Examination

224

Figure B-1.Optical micrographs, A) 50X, and B) 100X in base
metal C1 showing no graphitization. Microstructure
consists of ferrite and bainite, 2% Nital etch.

225

Figure B-2. Optical micrographs, in LSW-D showing evidence
of graphitization the FGHAZ, 2% Nital etch.

226

Figure B-3. Optical micrographs, in LSW-E showing evidence
of graphitization in the base metal, 2% Nital etch.
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Appendix C - Creep Data

228

Figure C- 1. Creep curve for CW-B circumferential weld. Creep testing
conditions and steady state creep rate provided in Table below.

Test Time
(hours)

Temperature
(°F)

Stress
(ksi)

Steady State Creep Rate
(%/hr x 10-4)

504

950

10

23.0

1442

900

10

4.1

789

925

10

10.8

6951

850

10

1.0
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Figure C- 2. Normalized creep curve for CW-B (Creep data
presented in Figure C-1).

230

Figure C- 3. Creep curve for CW-C circumferential weld.
Creep testing conditions and steady state creep rate
provided in Table below.
Test Time
(hours)

Temperature
(°F)

Stress
(ksi)

Steady State Creep Rate
(%/hr x 10-4)

376

900

4.4

0.4

503

950

4.4

1.2

1371

950

10

8.5

2155

900

10

1.8

772

925

10

4.8

4961

850

10

0.6
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Figure C- 4. Creep curve for LSW-A1 longitudinal seam weld.
Creep testing conditions and steady state creep rate
provided in Table below.
Test Time
(hours)

Temperature
(°F)

Stress
(ksi)

Steady State Creep Rate
(%/hr x 10-4)

524

950

8

11.4

953

950

10

43.5

2143

900

10

10.3

767

925

10

26.1

4963

850

10

2.2
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Figure C- 5. Normalized creep curve for LSW-A1.
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Figure C- 6. Creep Curve for LSW-D Circumferential Weld. Creep
testing conditions and steady state creep rate provided in Table
below.
Test Time
(hours)

Temperature
(°F)

Stress
(ksi)

Steady State Creep Rate
(%/hr x 10-4)

493

950

10

20.2

1585

900

10

3.1

771

925

10

7.9

6951

850

10

0.8
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Figure C- 7. Normalized creep data for LSW-D.

235

Figure C- 8. Creep curve for LSW-E circumferential weld. Creep testing
conditions and steady state creep rate provided in Table below.
Test Time
(hours)

Temperature
(°F)

Stress
(ksi)

Steady State Creep Rate
(%/hr x 10-4)

303

950

10

55.9

1996

900

10

11.5

786

925

10

30.8

4967

850

10

2.7
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Appendix D – Relevant ASTM Standards
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ASTM A516
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Hardness Conversion Tables
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